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Ondřejov

Czech Republic

Marı́a Laura Arias

Facultad de Ciencias
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Preface

Active B-type stars are defined by the presence of emission lines formed in a dense environment,

often in the form of a circumstellar disk. Among them are the classical Be stars, which are stars

surrounded by an ionized gaseous disk, and B[e] stars, whose disks are so dense that even molecules

and dust can form within them. In either case, the disks are the source of characteristic infrared excess

continuum emission and linear polarization. Active B-type stars often exhibit signatures of variability

on different temporal and spatial scales. Of particular importance are variations associated with the

formation and dissipation of the gaseous, molecular and dusty disks around the various types of

objects that occur on time scales spanning from years to decades. Although mechanisms such as

radiation, rotation, pulsation and binarity and the role they might play in pulling material off the

stars have been explored in detail in the past few decades, the relevant physical processes involved

in the formation of sustainable disks and their dynamical evolution are still unclear and a matter of

debate.

This Special Issue intends to provide a comprehensive update on the state of the art in the field of

active B-type stars. It aims to combine reviews and selected contributions on recent groundbreaking

advancements in the knowledge of these peculiar objects from both a theoretical and an observational

perspective. Latest observations from high-resolution, ground-based facilities and from satellite

missions, collected over a wide wavelength range, reveal fascinating details about the shape and

structure of circumstellar disks and their interaction with interstellar matter. At the same time, the

progress in numerical models combined with ever-increasing computer power facilitates the analysis

of complex models for a more realistic representation and treatment of the mechanisms behind mass

ejection and the realistic estimation of the amount of mass lost. These new insights, from both

theory and observations, provide a basis for exploring complex phenomena such as pulsation–wind

connections, the transport of angular momentum, internal rotation law, and mass loss, and for testing

the various scenarios proposed for the evolution and variability of stars and their circumstellar

environment of the diverse classes of active B-type stars.

Lydia Sonia Cidale, Michaela Kraus, and Marı́a Laura Arias

Editors
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Radiation-Driven Wind Hydrodynamics of Massive Stars:
A Review
Michel Curé 1,* and Ignacio Araya 2
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Abstract: Mass loss from massive stars plays a determining role in their evolution through the upper
Hertzsprung–Russell diagram. The hydrodynamic theory that describes their steady-state winds is
the line-driven wind theory (m-CAK). From this theory, the mass loss rate and the velocity profile of
the wind can be derived, and estimating these properly will have a profound impact on quantitative
spectroscopy analyses from the spectra of these objects. Currently, the so-called β law, which is an
approximation for the fast solution, is widely used instead of m-CAK hydrodynamics, and when the
derived value is β & 1.2, there is no hydrodynamic justification for these values. This review focuses
on (1) a detailed topological analysis of the equation of motion (EoM), (2) solving the EoM numerically
for all three different (fast and two slow) wind solutions, (3) deriving analytical approximations for
the velocity profile via the LambertW function and (4) presenting a discussion of the applicability of
the slow solutions.

Keywords: stars: massive; stars: mass-loss; hydrodynamics; analytical methods; numerical methods

1. Introduction

At the beginning of the XX Century, Johnson [1,2] and Milne [3] argued that the force
exerted on ions in the atmosphere of a luminous star could be responsible for the ejection
of these ions from the star. They also argued that the ejected ions should carry with them
the corresponding number of electrons, and strictly there should be no charge current, but
they did not realize at that time that the collisional coupling between ions and protons
would drag the rest of the plasma (mostly fully ionized hydrogen) with them as well, at
least to supersonic velocities, and this theory was laid aside. It was Chandrasekhar [4,5]
who, in the context of globular cluster dynamics, developed the theory of collisions due
to an inverse square law, and Spitzer [6] applied Chandrasekhar’s theory for collisions
between charged particles.

Morton [7] was the first to report far-ultraviolet observations of three OB supergiants
from an Aerobee-sounding rocket. After this came Copernicus, the first satellite with a
telescope on board, and since then it has been possible to obtain stellar spectra in the
ultraviolet (UV) region. Morton [7] found that the resonance lines of C IV, N V and Si IV
showed the typical P-Cygni profiles (see Lamers and Cassinelli [8], Section 2.2). He found
that the displacements in the profiles of C IV λλ1549.5 and Si IV λλ1402.8 corresponded to
outflow velocities in the range of 1500–3000 km/s.

Snow and Morton [9] showed through a detailed survey that stars brighter than
Mbol ∼ −6 have strong P-Cygni profiles in their spectra and therefore lose mass. The
same conclusion was arrived at by Abbott [10], who compared the radiative force with the
gravitational force and concluded that radiative forces could initialize and maintain the
mass loss process for stars with an initial mass at the zero-age main sequence (ZAMS) of
about 15 M� or greater.

This mass loss process (known as stellar wind), together with supernovae explosions,
are the main contributors in supplying the interstellar medium (ISM) with nuclear-processed
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heavy elements and therefore influence not only chemical evolution (and therefore star
formation) but also the energy equilibrium of the ISM and the Galaxy (see [11–13] and the
references therein).

Parker [14] was the first to develop the notion of solar wind through a purely gas
dynamical theory, which was the only known stellar wind theory until the winds of massive
stars were discovered. When this theory was applied to the winds of a typical O-star, the
effective temperature necessary to reproduce the observed terminal velocities was of the
order of 107 K, a value that is completely excluded by the presence of lines such as Si IV,
C IV and N V ions, which would be destroyed by collisional ionization at temperatures
above 3× 105 K. It was, therefore, necessary to seek an alternative mechanism to drive the
wind. The natural driven mechanism is the force due to the interaction of the radiation
field on the wind plasma, and the simplest form is the force due to the continuum, i.e.,
the Thompson radiative acceleration. This force leads macroscopically to a decrease in the
star’s gravitational attraction by a constant factor (for O-stars this is between 0.3 and 0.6).
It is then clear that the continuum force alone cannot produce a force that exceeds gravity
and, therefore, cannot drive these kinds of winds.

Lucy and Solomon [15] resuscitated the proposal of Johnson and Milne and considered
the force due to the absorption of spectral lines, but unlike the earlier authors, they
considered the flow of the plasma as a whole rather than as the selective ejection of specific
ions. They calculated an upper limit on the force on the C IV line λλ1548, finding that
this exceeds the force of gravity by a factor of approximately a few hundred. Hydrostatic
equilibrium in the outermost layers is not possible, and an outflow of material must occur.
In their stellar wind model, Lucy and Solomon made a series of assumptions, for instance,
that the wind is driven only by resonance lines. They found mass loss rates for O-stars of
two orders of magnitudes less than the values obtained from observations.

A significant step in the theory was made by Castor, Abbot and Klein [16] (hereafter
CAK), who realized that the force due to line absorption in a rapidly expanding envelope
could be calculated using the Sobolev approximation [17,18]. Then, by developing a simple
parameterization of the line force using the point star approximation, they were able to
construct an analytical wind model. Despite the number of approximations made in that
work, e.g., they represented the line force by C III lines and calculated only one model
for a typical O5 f star (Teff = 49, 290 K, log g = 3.941 and R/R� = 13.8), they obtained a
mass loss rate of Ṁ = 6.61× 10−6 M�/year and a terminal velocity of v∞ = 1515 km/s.
The value of the mass loss rate was of the same order of magnitude as the values obtained
from observations, but the terminal velocity lay below the measured ones. They also gave
analytical scaling relations for the mass loss rates and terminal speeds as functions of
the stellar parameters. These were widely used to prove (or disprove) the validity of the
radiation-driven (or line-driven) wind theory by comparison with the observations.

Abbott [10] improved this theory by calculating the line force using a tabulation of
ca. 250,000 lines, which was complete for the elements H to Zn in the ionization states I to
VI. Currently, the non-local thermodynamic equilibrium code CMFGEN [20] uses around
900,000 lines and FASTWIND contains 4 million lines [21] (see also [22], which uses ca.
4 million lines). Despite this immense effort to give a more realistic representation of the
line force, evident discrepancies with the observations remained. Simultaneously and
independently, Friend and Abbott [23] and Pauldrach et al. [24] calculated the influence of
the finite cone angle correction on the dynamics of the wind (described in the Appendix
from [18]). They found a much better agreement between the improved or modified CAK
theory (hereafter m-CAK) and the observations of the mass loss rate and the terminal
velocity in a large domain in the Hertzsprung–Russell diagram.

The equation of motion of the m-CAK theory is a highly non-linear differential
equation that has singular points, eigenvalues and solution branches (see [16,23–27]).
Since it is challenging to solve this differential equation numerically,
Pauldrach et al. [24] found that the velocity field, v(r), from the m-CAK theory can be
described by a simple approximation, known as the β law approximation (see below). In
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addition, Kudritzki et al. [28] developed analytical approximations for the localization of
the critical point, mass loss rate and terminal velocity with an agreement within 5% for v∞
and 10% for Ṁ when compared to the correct numerical calculations.

Radiation-driven stellar winds are hydrodynamic phenomena involving the flow of
the outer layers of the atmospheres of massive stars. This review is focused on describing
the investigation of the m-CAK hydrodynamic theory, its topology and its three known
physical solutions.

Section 2 presents the theory to calculate the radiation (line) force via an analytical
description thanks to the Sobolev approximation. Section 3 introduces the m-CAK hydro-
dynamic theory, and its topological description is given in Section 4. Section 5 shows all
three known physical solutions, whilst Section 6 presents analytical approximate solutions
based on the LambertW function. Finally, in Section 7, we summarise the main topics of
this review and discuss the applicability of slow solutions.

2. The Radiation Force

The exact calculation of the radiation force requires a knowledge of the radiation field
(in all the lines and continua) and of the physical processes (scattering, absorption and
emission) that contribute to the exchange of energy and momentum throughout the wind.
The radiation field is represented by the monochromatic specific intensity Iν(µ), where µ is
the cosine of the angle between the incoming beam and the velocity vector of the interacting
particles. Thus, the radiation force per unit of volume at a distance r exerted on a point
particle per unit of time is equal to the momentum removed from the incident radiation
field (κρ I(µ) µ/c) integrated over all the scattering directions. This force is given by

Frad(r) =
4π

c
1
2

∫ ∞

0

∫ 1

−1
κν(r) ρ(r) Iν µ dµ dν, (1)

where the absorption coefficient κν is given in units of cm2 g−1. The net flux density
comes from the interaction processes integrated over the whole spectral range between the
radiation field emitted by the photosphere and the stellar wind of mass density ρ at the
distance r. Here, it is assumed that the emissivity (thermal emission and photon scattering)
in the expanding atmosphere is isotropic. Therefore, no net momentum change occurs from
this process (see [29], Chapter 20).

The absorption coefficient κν consists of three main contributions:

κν = κTh + κcont
ν + κline

ν , (2)

where κTh represents the Thomson scattering, κcont
ν is the contribution of bound-free and

free-free transitions and κline
ν is the sum of all line absorption coefficients at frequency ν.

The radiation force can be calculated by state-of-the-art non-local thermodynamic
equilibrium (NLTE) radiative transfer codes such as FASTWIND [30,31], CMFGEN [20,32–34]
or POWR [35,36], but these calculations depend on the velocity and density profile used to
describe the wind.

2.1. Radiative Force Due to Electron Scattering

The interaction between photons and free electrons is described by a Compton process
(an excellent review of this process, including Monte Carlo calculations, can be found
in [37]). If photons with energy hν � mec2 are scattered by Maxwellian electrons2 with
kT � mec2, the frequency shift will be very small, but if the scattering process is repeated
many times, the small amounts of energy exchanged between the electrons and photons
can build up and give rise to substantial effects.

3
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In the non-relativistic limit without the influence of quantum effects (hν� mec2) and
neglecting the possible effects described above, the scattering cross-section is frequency
independent and called the Thomson cross-section, namely:

σTh =
8π

3
e4

m2
e c4 . (3)

The value of this cross-section is σTh = 6.65× 10−25 cm2 and the absorption coefficient
is therefore:

κThρ = ne σTh. (4)

Using this value (κTh) in Equation (2) and integrating Equation (1), we obtain the
contribution of Thomson scattering to the radiation force,

FTh = ne
σTh L
4πc r2 , (5)

where L is the luminosity of the star. The radiative acceleration on the electrons is then

gTh
e =

1
me

σTh L
4πcr2 . (6)

It is useful to define the ratio of the Thomson scattering force and the gravitational
force by:

Γe =
gTh

e
ggrav =

1
me

σTh L
4π c GM∗

, (7)

where G is the gravitational constant and M∗ is the star’s mass. In the standard one-
component description of stellar winds, the force over the density of the plasma is given by:

gTh =

(
ne

ρ

)
σTh L
4πc r2 (8)

where ρ = mpnp + ∑ions(mini) + neme is the mass density. The principal contribution of
the ions comes from helium, and neglecting the electrons, neme, the density is

ρ ' mpnp(1 + AHeYHe) . (9)

Here, AHe is the atomic mass of a helium atom, YHe is the relative abundance of
helium with respect to hydrogen (the latter being described by the subscript p) and mp is
the proton mass. Based on the conservation of charge, it is possible to express the electron
number density as ne = np(1 + qHeYHe), where qHe = 0, 1 or 2 depending on the helium
ionisation state.

Thus, the ratio ne/ρ is:

ne

ρ
=

1
mp

(
1 + qHeYHe

1 + AHeYHe

)
(10)

and the acceleration is:

gTh =
1

mp

(
1 + qHeYHe

1 + AHeYHe

)(
σThL

4πc r2

)
(11)

or

Γe =

(
1 + qHeYHe

1 + AHeYHe

)(
σTh L

4π c mp GM∗

)
. (12)

Quite often, the canonical value of κTh = 0.34 cm2 g−1 is adopted, which follows from
assuming a fully ionised plasma at solar abundance. In addition, since the continuum of OB
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stars is also optically thin in the lines near its maximum, the contribution of the continuum
to the total radiative force is neglected.

The next section provides a general description of the line force based on the Sobolev
approximation (see, e.g., Lamers and Cassinelli [8] or Hubeny and Mihalas [29]).

2.2. Radiative Force due to Lines

The contribution to the radiation force due to the spectral lines in the wind of massive
stars is provided by the momentum transfer of photons (via absorption and re-emission
processes in optically thick lines) mainly from the most dominant ions (i.e., C, O, N and the
Fe group). The proper calculation of the line force (per unit volume) is given by:

Fline(r) =
2π

c ∑
l

∫ ∞

0

∫ +1

−1
κl(r) ρ(r) φl(ν, µ, r) Iν(r, µ) µ dµ dν (13)

where φ is the Gaussian absorption profile. The summation is over all the line transitions
(l), assuming non-overlapping lines, for which the wind is optically thick. κl is the
opacity coefficient (in cm2 g−1) of lines formed between levels l (lower) and u (upper)
with energy h ν0,

κl ρ =
π e2

me c
fl nl

(
1− nu gl

nl gu

)
. (14)

The number densities nl and nu of ions in levels l and u are given in cm−3, gl and
gu are the corresponding statistical weights and fl is the oscillator strength of the line.
The CAK theory allows us to find an analytical expression for the line force in a moving
media with large velocity gradients in terms of the macroscopic variables using the Sobolev
approximation. However, this expression only applies to radiating flows in the non-
relativistic regime.

2.2.1. The Sobolev Approximation

In a moving plasma such as stellar wind, the interaction of radiation with matter
can be better understood as follows. Let us consider a single spectral line thermally
broadened with a rest wavelength λ1. A photon emitted from the stellar surface with
wavelength λ∗ < λ1 propagates without interacting with the matter until, due to the
Doppler shift, it is scattered at the blue edge of the line in question. Due to the expansion
of the wind, the particles viewed from any direction from a certain position always appear
to be receding. This means that independent of the scattered direction of the photon
(forward or backwards), the distance travelled always causes its comoving wavelength to
be red shifted.

After many scatterings, the photon’s wavelength has been shifted to the line’s red
edge, and the interaction of this photon with the line (λ1) ceases. The region in the wind
where an incoming photon can interact with the ions is called the interaction zone. It is also
well known that the winds of massive stars reach terminal velocities of several times the
sound speed, and the point at which the wind velocity is equal to the sound speed (the
sonic point) is very near to the photosphere. This means that almost all the region where
stellar winds are found is supersonic.

This description corresponds to the Sobolev approximation [17], where all the relevant
physical quantities, such as the opacity, source function, etc., are considered constant
in the interaction zone, i.e., the width of the interaction zone is small compared with a
characteristic flow length. Thus, for a generic Doppler-broadened line profile, the Sobolev
length, Ls, is defined as:

Ls = vth/(dvs./dr), (15)

where Teff is the star’s effective temperature, vth =
√

2 kB Teff/mp is the thermal speed of
the protons and kB is the Boltzmann constant.

5
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A characteristic length of the flow is

Lc ' vs./(dvs./dr) (16)

Typical values of thermal velocities in OB-type stars are about 7–20 km/s, while
terminal velocities are about 1000–3000 km/s (see, e.g., Lamers and Cassinelli [8], Puls et al.
[12]). More recent measurements of terminal velocities based on observations performed in
the frame of the ULLYSES collaboration [38] have been accomplished by Hawcroft et al. [39].

2.2.2. The Line Force due to a Single Line

Castor [18] analysed the Sobolev approximation in detail in the context of stellar winds
and showed that the force produced by the incoming radiation due to a single line can be
expressed as3:

f line =

(
Fν ∆νd

c

)(
kl
τl

)
(1− e−τl ), (17)

where ∆νd = vth ν/c corresponds to the Doppler shift, Fν is the flux of the radiation field at
frequency ν, kl is the monochromatic line absorption coefficient per unit mass and

τl =
∫

ρ φ(ν, r) kl dr (18)

is the optical depth. Evaluating the optical depth for a normalized Gaussian profile and
using the Sobolev approximation, we find:

τl = kl ρ vth/(dvs./dr). (19)

With this expression, we can interpret the RHS of (17) as:

(i) (Fν ∆νd/c) is the rate of momentum emitted by the star per unit area at frequency ν
with bandwidth ∆νd;

(ii) (τl/kl) = ρ vth/(dv/dr) represents the amount of mass that can absorb this momentum;
(iii) (1− e−τl ) is the probability that such an absorption occurs.

Then, we define
t = σe ρ vth/(dv/dr) , (20)

where σe = σThne/ρ corresponds to the Thomson scattering absorption coefficient per
density. In a moving medium, t represents the optical depth that a line will have if its
opacity is equal to its electron scattering opacity. Based on this definition, it is possible to
rewrite t as

τl = ηl t (21)

where ηl = kl/σe. The first factor in (21) is related only to line properties, and the second
only to dynamic variables of the wind.

2.2.3. The Line Force due to a Statistical Distribution of Line Strength

The total line force due to the addition of all the single lines of the ions for a point star
approximation and for non-overlapping single lines is given by:

f line = ∑
l

(
Fν∆νd

c

)

l

(
dv/dr
ρ vth

)
(1− e−ηl t). (22)

Expressing (22) in terms of ∆νd = ν vth/c and the relation F = L/4πr2, we obtain

f line =
L
c2

(
dv/dr
4πr2

)
∑

l

(
Lν ν

L

)

l
(1− e−ηl t) (23)

6
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Abbott [10] was the first to compile and publish a list of ca. 250,000 lines for atoms
from H to Zn in ionisation stages I to VI. Based on such a line list [22,40,41], it is possible
to derive a line strength distribution function [24,42]. This distribution can be described
as follows:

dN(kl) =
∫ N

0

(
Lν ν

L

)
n(kl , ν)dν (24)

and represents the number of lines in the line strength interval (kl , kl + ∆kl) obtained from
the total spectrum and weighted by the flux mean of line strength (Lν ν/L). Notice that
in Equation (24), the distribution in frequency space of the lines is independent from the
distribution in line strength. An alternative formulation of the line statistic is given by
Gayley [43] (see also [22]).

The logarithm of the number of lines can be fitted by a linear function, namely:

dN(kl) = N0 (1− α) (kl/σe)
α−2 d(kl/σe) (25)

where N0 is the number of lines (strong and weak) that effectively contribute to the line
force. Typical values of the parameter α are 0.45 ≤ α ≤ 0.7 [8,42]. Notice that line force
parameters are not free but depend on the transfer problem in each individual star (see
[22,41,42,44–46], for a detailed description of the calculation of the line force parameters).

Extending the sum in Equation (23) to an integral, we obtain the line force expression:

f line =
L
c2

(dv/dr)
4πr2 N0 (1− α)

∫ ∞

σe
(1− e−ηl t)(kl/σe)

(α−2) d(kl/σe). (26)

Neglecting the lower limit of the integral, a valid approximation for stars of type OB,
and replacing it by zero and integrating, the line force becomes:

f line =
L
c2

1
4πr2 vth σe N0 (1− α) Γ(α)

(
dv/dr
σe ρ vth

)α

, (27)

where Γ is the Γ-function. Then, dividing by the total density, we obtain the standard form
of the line acceleration,

gline =
C
r2

(
r2 v

dv
dr

)α

, (28)

with

C = Γe GM∗ k
(

4π

σe vth Ṁ

)α

, (29)

where Γe is the radiative acceleration due to Thomson scattering in terms of the gravitational
acceleration and Ṁ is the mass loss rate. Here, the continuity equation has been used,
and the variables, such as N0 or Γ(α), have been collected into the constant k. Note that
this expression for the line force (Equation (28)) only takes interactions between ions and
radially emitted photons into account [16,18].

2.2.4. The Correction Factor

Castor et al. [16] (see their appendix) qualitatively discussed the effect on the line
force that the proper shape of the star (non-radial incoming photons) would have on the
wind kinematics. Later Pauldrach et al. [24] and Friend and Abbott [23] independently
investigated the influence of this effect, known as the finite disc correction factor, thereby
developing the m-CAK theory.

The expression of the line force for incoming photons from an arbitrary direction for a
radial flow velocity field comes from the definition of Equation (20); thus,

tσ =

(
1 + σ

1 + µ2σ

)
σe ρ vth
dv/dr

, (30)

7
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where
σ =

d ln vs.
d ln r

. (31)

Inserting tσ into Equation (26) instead of t and integrating, we obtain the following
expression for the line force:

gline =
C
r2 CF(r, v, v′)

(
r2 v v′

)α
(32)

where CF is the correction factor, defined as the ratio of the force due to the non-radial
contributions to that of a point star approximation, namely:

CF =
2

1− µ2
c

∫ 1

µc

[
(1− µ2) v/r + µ2v′

v′

]α

µ dµ (33)

with µc =
√
(1− R2∗/r2), where R∗ is the stellar radius and v′ = dv/dr. In Appendix A,

we summarised some properties of the correction factor.

2.3. The Ionization Balance

In their work, Abbott [10] assumed a local thermodynamic equilibrium (LTE) and
used the modified Saha formula (see Hubeny and Mihalas [29]) to take the dilution of the
radiation field and the possible difference between the electron kinetic temperature Te and
the radiation temperature Tr into account. Due to the changes in the ionisation throughout
the wind, Abbott fitted the line force not only in terms of (r2 vs. v′)α (see Equation (28)) but
also as a function of the ratio ne/W(r), where

W(r) =
1
2

(
1−

√
(1− R2∗/r2)

)
(34)

is the dilution factor. They found that the functional dependence of this quotient in the line
force is:

gline ∝
(

ne

W(r)

)δ

, (35)

where the electron number density, ne, is given in units of 1011cm−3. This proportionality
means that the greater the density, the lower the ionisation level. In view of the fact that the
lower ionisation levels have more line transitions, usually at the maximum of the radiation
field, the line force increases with increasing density. Values of this δ line force parameter
for the fast solution (see below) are in the range 0 < δ . 0.2 [8], but for a pure hydrogen
atmosphere, the value is δ = 1/3, as Puls et al. [42] demonstrated.

3. The m-CAK Hydrodynamic Model

The 1D m-CAK stationary model for line-driven stellar winds considers the following
assumptions: an isothermal fluid in spherical symmetry and no influence from viscosity
effects, heat conduction and magnetic fields.

The stationary continuity and momentum conservation equations are:

Ṁ = 4 π r2 ρ vs., (36)

v
dv
dr

= −1
ρ

dP
dr
− GM∗(1− Γe)

r2 +
v2

φ(r)

r
+ gline(ρ, dv/dr, ne), (37)

where P is the fluid pressure and vφ = vrotR∗/r, with vrot being the stellar rotational speed
at the equator. In addition, gline(ρ, dv/dr, ne) corresponds to the acceleration due to an
ensemble of lines.

8
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The standard or m-CAK parameterization of the line force [10,23,24] is the following:

gline =
C
r2 CF(r, v, dv/dr)

(
r2v

dv
dr

)α ( ne

W(r)

)δ

, (38)

where the coefficient C is given in Equation (29).
Substituting the density from the mass conservation equation (Equation (36)) into the

momentum equation (Equation (37)), we obtain the equation of motion (EoM).
Transforming to dimensionless variables, that is

u = −R∗
r

, (39)

w =
v
a

, (40)

w′ =
dw
du

, (41)

where a is the isothermal sound speed of an ideal gas, P = a2ρ.

Using these new variables, the EoM now reads:

F(u, w, w′) =
(

1− 1
w2

)
w

dw
du

+ A +
2
u
+ a2

rotu− C′ CF g(u)(w)−δ

(
w

dw
du

)α

= 0 , (42)

where the constants are the following:

A =
GM(1− Γe)

a2R∗
=

v2
esc

2a2 , (43)

arot =
vrot

a
, (44)

C′ = C
(

ṀD
2π

10−11

aR2∗

)δ

(a2R∗)(α−1), (45)

D =
(1 + ZHeYHe)

(1 + AHeYHe)

1
mp

, (46)

where ZHe is the number of free electrons provided by helium, vesc is the escape velocity
and the function g is defined as:

g(u) =
(

u2

1−
√

1− u2

)δ

(47)

In order to find a physical wind solution of the EoM (Equation (42)), i.e., starting from
the photosphere with a small velocity and reaching infinity with a supersonic velocity, we
first need to understand the topology of this equation.

4. Topological Analysis

As mentioned previously, the first wind model was developed by Parker [14] for
the sun. This model possesses a singular point at the sonic point and different solution
branches (see Figure 3.1 in [8]). The m-CAK model has a driving force (line force) that
depends not only on the radial coordinate r (or u) but also on the velocity and the velocity
gradient. These characteristics complicate the study of the EoM’s topology that gives rise
to the different solutions.

Mathematically, singular points are located where the singularity condition is satisfied,
i.e.,

∂

∂w′
F(u, w, w′) = 0 , (48)

9
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and these locations form the locus of singular points.
At these specific points, in order to have a smooth wind solution between solution

branches, a regularity condition must be imposed, namely:

d
du

F(u, w, w′) =
∂F
∂u

+
∂F
∂w

w′ = 0 (49)

Using the following coordinate transformation:

Y = w w′ (50)

Z = w/w′, (51)

we can now solve Equations (42), (48) and (49), only valid simultaneously at one singular
point, obtaining the following set of equations:

Y− 1
Z

+A + 2/u + a2
rotu −C′ f1(u, Z) g(u) Z−δ/2 Yα−δ/2 = 0 , (52)

Y− 1
Z

−C′ f2(u, Z) g(u) Z−δ/2 Yα−δ/2 = 0 , (53)

Y +
1
Z
−2Z/u2 + a2

rotZ −C′ f3(u, Z) g(u) Z−δ/2 Yα−δ/2 = 0 , (54)

derivation details and definitions of f1(u, Z), f2(u, Z) and f3(u, Z) are summarised in
Appendix B.

Solving for Y and C′ from the set of Equations (52)–(54), we obtain:

Y =
1
Z
+

(
f2(u, Z)

f1(u, Z)− f2(u, Z)

)
×
(

A +
2
u
+ a2

rotu
)

(55)

and

C′(Ṁ) =
1

g f2

(
1− 1

Y Z

)
Zδ/2 Y1−α+δ/2 (56)

These last two Equations are generalisations of the relations found by [28] (see their
Equations (21) and (34) for Y and Equations (21) and (44) for the eigenvalue), but now
including the rotational speed of the star.

The Critical Point Function R

The set of Equations (52)–(54) are only valid at the singular point for the unknowns Ys,
C′s, Zs and us

4. Due to the fact that there are only three equations and four unknowns, it
is not possible to solve them. Nevertheless, from this set of equations, we can derive the
function R(u, Z), defined by:

R(u, Z) = − 2
Z
+

2Z
u2 − a2

rotZ + f123(u, Z)
(

A +
2
u
+ a2

rotu
)

(57)

where f123(u, Z) has the following definition:

f123(u, Z) =
f2(u, Z)− f3(u, Z)
f2(u, Z)− f1(u, Z)

(58)

The locus of singular points, us, is given by the points which are solutions of the
following equation:

R(u, Z) = 0 . (59)

It should be noted that no approximation has been made in the derivation of the above
topological equations.
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To determine the location of the singular point in the locus of points that satisfies
R(u, Z) = 0, and therefore determine the values of Ys, C′s, Zs and us, we need to set a
boundary condition at the stellar surface.

The most used boundary conditions are:

(i) Set the density at the stellar surface to a specific value,

ρ(R∗) = ρ∗ (60)

Usually this base density is in the range 10−8 g cm−3 to 10−13 g cm−3. For some examples,
see the works of de Araujo and de Freitas Pacheco [47], Friend and MacGregor [48],
Madura et al. [49], Curé [50] and Araya et al. [51].

(ii) Set the optical depth integral to a specific value, i.e.,

τ∗ =
∫ ∞

R∗
σE ρ(r)dr =

2
3

. (61)

Employing one of these boundary conditions at the stellar surface plus the regularity
condition at the singular point, we can solve from the EoM (Equation (42)) the velocity
profile, w = w(u), together with the value of the eigenvalue, C′, and therefore the mass
loss rate, Ṁ.

5. Types of Solutions

We developed a numerical code that discretizes by finite differences the EoM and,
using the Newton–Raphson method, iterates to a numerical solution. This code is called
HYDWIND and is described in more detail in Curé [50] (see also [52]).

After performing a topological analysis of the EoM, we were able, thanks to
HYDWIND, to find the numerical solutions of all three known m-CAK physical solutions:
fast, Ω-slow and δ-slow solutions.

5.1. Fast Solution

From the pioneering work of CAK and its improvements from Friend and Abbott [23]
and Pauldrach et al. [24], the code HYDWIND is able to obtain the standard solution of the
m-CAK theory, hereafter called the fast solution.

To perform our topological analysis, we use a typical O5 V star with the following
stellar parameters: Teff = 45, 000 K, log g = 4.0, R/R� = 12, and line force parameters
k = 0.124, α = 0.64, and δ = 0.07, with the boundary condition τ∗ = 2/3.

The function R(u, Z) is shown in Figure 1 for a non-rotating star (arot = 0). The plane
R(u, Z) = 0 is plotted in light grey (right panel) and the intersection of both functions,
which corresponds to the locus of singular points, is plotted with a black line. The locus of
singular points for the fast solution is the one that starts at Z ∼ 0 and u = −1. The other
locus of singular points will be discussed below.

Knowing the topology of the m-CAK model, specifically the locus of singular points,
we now solve the EoM for the velocity profile, v(r), or equivalently w = w(u), and the
eigenvalue C′, which is proportional to the mass loss rate, Ṁ. Then, the wind parameters
obtained for this model are a terminal velocity (v∞) of 3467 km/s and a mass loss rate (Ṁ)
of 2.456× 10−6 M�/yr. Figure 2 shows the velocity profile of this model as a function of
log(r/R∗ − 1) (left panel) and as a function of u (right panel). The location of the singular
point (rs) is shown with a red dot, and it is located near the stellar surface (rs = 1.029 R∗ or
us = −0.9719). At this point, the wind velocity is 181.4 km/s, a highly supersonic speed
(a = 24.17 km/s).
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Figure 1. Function R(u, Z) for a typical O5 V star without rotation. The (left panel) shows only the
function R(u, Z), while the (right panel) is similar to the (left panel), but the plane R(u, Z) = 0 is
also plotted in light grey. Furthermore, the intersection of both curves (black solid lines) shows two
loci of singular points.
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Figure 2. Velocity profile for a typical O5 V star without rotation. The velocity profile is plotted
as a function of log(r/R∗ − 1) (left panel) and as a function of u (right panel). The location of the
singular point is shown with a red dot, while the sonic point is in black.

This steep velocity gradient is due to the rapid increase in the line force just above the
stellar surface, as shown in Figure 3, where the sound speed is reached at r = 1.006 R∗ and
the maximum of gline is reached at r = 1.3 R∗.
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Figure 3. The radiative acceleration, gline, for a typical O5 V star without rotation as function of r/R∗
for r < 10 R∗.

As previously mentioned, the wind parameters (v∞ and Ṁ) must be calculated within
the framework of the radiative transport problem. However, to understand the complex
non-linear dependence on the wind parameters from the line force parameters, in the
following figures, we show how the wind parameters depend on each one of the line force
parameters.

Figure 4 shows the dependence of the wind parameters, v∞ (left panel) and Ṁ (right
panel), as a function of the line force parameter α, using the same stellar parameters and
keeping the line force parameters k and δ fixed. There is an increase in the values of both
wind parameters as α increases.
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Figure 4. Dependence of the wind parameters as a function of the line force parameter α. Terminal
velocity (left panel) and mass loss rate (right panel). The values obtained for our typical O5 V star
without rotation are shown in red.

The dependence of the wind parameters as a function of the line force parameter k
is shown in Figure 5. In this case, the wind parameters also increase as k increases. It is
clearly seen in Figure 5 that the terminal velocity depends only slightly on the value of k
rather than the mass loss rate, which has a significant impact on the value of k [53].
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Figure 5. Dependence of the wind parameters as a function of the line force parameter k. Terminal
velocity (left panel) and mass loss rate (right panel). The values obtained for our typical O5 V star
without rotation are shown in red.

Finally, the dependence of the wind parameters as a function of the line force parameter
δ is shown in Figure 6. We observe that the terminal velocity has a decreasing behaviour
when the parameter δ increases, while the mass loss rate can have a decreasing or increasing
behaviour. This behaviour depends on the parameter k; for low values of k, the mass loss
rate decreases while δ increases, but for larger values, the behaviour is reversed.
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Figure 6. Cont.
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Figure 6. Dependence of the wind parameters as a function of the line force parameter δ. Upper
panels are for k = 0.124 and lower panels are for k = 0.0124. The values obtained for our typical O5
V star without rotation are shown in red.

In the next subsections, we will discuss each of the slow solutions. The combined
effects of the line force parameters and the three physical wind solutions are discussed in
detail in work by Venero et al. [53].

Overall, the fast solution from the m-CAK theory has been very successful in explaining
the terminal velocities and mass loss rates of massive stars (see [8,11–13]).

5.2. Ω-Slow Solution

The original CAK model considered the star point approximation, i.e., all the photons
are radially directed over the wind plasma. In that work, CAK only discussed the effect
of the finite disc of the star seen by an observer in the wind. Friend and Abbott [23] and
Pauldrach et al. [24] implemented the finite disc correction factor and solved the EoM. In
both works, they also studied the influence of rotation in the equatorial plane of a rotating
star, but they could not obtain solutions for rapidly rotating stars. The reason was found by
Curé [50] for values of Ω & 0.75, where Ω = vrot/vcrit. At this value of Ω, the fast solution
ceases to exist, and another type of solution is found. This solution, called Ω-slow solution,
is characterised by a slower and denser wind in comparison with the fast solution.

It is well known that Be stars are the fastest rotators among stars [54]. Thus, in this
section, we will study the topology and the wind solutions for a typical B2.5 V star with
the following stellar and line force parameters: Teff = 20, 000K, log g = 4.11, R/R� = 4.0,
k = 0.61, α = 0.5 and δ = 0.0. The lower (surface) boundary condition is fixed at
ρ∗ = 8.7× 10−13 g/cm3. In addition, the distortion of the shape of the star caused by its
high rotational speed and gravity darkening effects are not considered.

Figure 7 shows the surfaces R(u, Z) for different values of Ω, together with the
plane R(u, Z) = 0. The intersection of the surfaces R(u, Z) and R(u, Z) = 0 (black lines)
correspond to the locus of singular points. We clearly observe two different loci of singular
points. The fast solution locus can be observed for Ω = 0.3 (upper left panel), Ω = 0.5
(upper right panel) and Ω = 0.7 (lower left panel). For larger rotational rates (Ω & 0.75),
the fast solution locus lies completely under the plane R(u, Z) = 0, as shown in the lower
right panel for Ω = 0.9. Thus, the fast solution does not exist for large values of Ω.

Figure 8 shows the velocity profiles, v(u), as a function of u for different values of Ω.
All these solutions use the same lower boundary condition. This figure shows (left panel)
fast solutions in light grey and Ω-slow solutions in coloured lines. The right panel shows
only Ω-slow solutions; the location of the singular point is almost independent of Ω. This
is a consequence of the shape of the locus curve of singular points (see Figure 7). This locus
is located almost at a constant value of u.
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Figure 7. The function R(u, Z) (topology) of the m-CAK theory as function of Ω: Ω = 0.3
(upper left panel), Ω = 0.5 (upper right panel), Ω = 0.7 (lower left panel) and Ω = 0.9 (lower right
panel). The plane R(u, Z) = 0 is shown in light grey, and its intersection with the surface R(u, Z)
(locus of singular points) is plotted with a black line.
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Figure 8. Velocity profiles, v(u), as function of the rotational rate Ω. (Left panel): fast solutions
(Ω . 0.74) are plotted in grey lines, while the Ω-slow solutions are in coloured lines: Ω = 0.74 (red
line), Ω = 0.76 (blue line), Ω = 0.80 (cyan line), Ω = 0.82 (magenta line), Ω = 0.85 (green line),
Ω = 0.90 (black line) and Ω = 0.95 (orange line). (Right panel): The same Ω-slow solutions, but
zoomed and including the location of the singular points (red dots).

The Ω-slow solutions are only valid in the equatorial plane in this 1D m-CAK model.
Notice that this model does not take into account the oblateness and gravity-darkening
effects. See Araya et al. [55] for the implementation in the 1D model (equatorial plane) and
Cranmer and Owocki [56] for the implementation in the 2D model.

In the equatorial plane, the higher the Ω, the greater the centrifugal force and,
consequently, the lower the effective gravity. Therefore, the higher Ω is, the higher the rate
of mass loss and, through the continuity equation, the higher the wind density, as shown in
Figure 9.
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Figure 9. Wind density profiles, ρ(u) (in gr/cm3) versus u, for fast and Ω-slow solutions. The colour
scheme is the same as the one used in Figure 8.

5.3. δ-Slow Solution

The δ-slow solution was found numerically by Curé et al. [27]. This solution, based
on the m-CAK theory, describes the wind velocity profile when the ionization-related
line force parameter δ takes larger values, δ & 0.28. These values are larger than the ones
provided by the standard m-CAK solution (see [8] and the references therein). Nevertheless,
Puls et al. [42] calculated the value of δ for a pure hydrogen atmosphere, finding a value of
δ ∼ 1/3. These high values of δ are also found in atmospheres and winds with extremely
low metallicities (see [57]).

The δ-slow solution, as well as the Ω-slow solution, are characterized by low velocities.
This solution could explain the velocities obtained for late-B and A-type supergiant stars
and seems to fit well with the observed anomalous correlation between the terminal and
escape velocities found in A supergiant stars [27]. Furthermore, in work by
Venero et al. [53] (see their Table 2), a gap of solutions between the fast and the δ-slow
solutions for different values of the rotational speed was found in the plane δ-Ω.

To present a topological analysis of this type of solution, we adopt the model T19 from
Venero et al. [53]. The stellar and line force parameters are Teff = 19, 000 K, log g = 2.5,
R/R� = 40, k = 0.32 and α = 0.5. We use τ∗ = 2/3 as a boundary condition at the
stellar surface.

In Figure 10, the R(u, Z) function and the plane R(u, Z) = 0 are shown for different
values of δ. The upper left panel shows the surface R(u, Z) for δ = 0.1. We clearly see
that, for this case, the locus of singular points for fast solutions is different from the case
of the fast solution shown in Figure 1. Here, this locus is located when Z . 0.5, ∀ u. The
upper right panel shows R(u, Z) for δ = 0.12, where the locus of singular points for fast
solutions returns to the behaviour shown in Figure 1. The fast solution is present until
δ = 0.24, see the lower left panel. We cannot find fast solutions for slightly larger values of
δ until δ ∼ 0.30 (lower right panel). For this value of δ, the locus of singular points for fast
solutions shifts to slightly larger values of Z for u . −1, and the numerical wind solutions
no longer have a singular point in this locus, switching to the other locus of singular points
(δ-slow solutions) located at u . −0.1 (or r & 10R∗).

Figure 10. Cont.
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Figure 10. The topological function R(u, Z) of the m-CAK theory as function of δ. (Upper left panel):
δ = 0.1. (Upper right panel): δ = 0.12. (Lower left panel): δ = 0.24. (Lower right panel): δ = 0.3.
The plane R(u, Z) = 0 is shown in light grey, and its intersection with the surface R(u, Z) (locus of
singular points) is plotted with black lines.

Figure 11 shows the velocity profiles, v(u), as a function of u for different values of
δ and the same lower boundary condition. This figure shows (left panel) fast solutions
in light grey and δ-slow solutions in coloured lines. The right panel shows only δ-slow
solutions. The locus curve of singular points (see Figure 10) is located almost at a constant
value of u. Then, the location of the singular point is almost independent of δ, similar to
the behaviour of Ω-slow solutions.
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Figure 11. Velocity profiles, v(u), for different values of the line force parameter δ. (Left panel): fast
solutions are plotted in grey lines for δ = 0.0, 0.1, 0.2, 0.24, while δ-slow solutions are in coloured
lines. The red line corresponds to δ = 0.3, the blue line to δ = 0.31, the cyan line to δ = 0.32 and
the magenta line to δ = 0.33. The (right panel) shows only δ-slow solutions, and the location of the
singular points for each solution is shown with a red dot.

5.4. The β-Law Approximation

In the work of Pauldrach et al. [24], after obtaining the numerical solution of the EoM,
they assumed a power law approximation to describe the velocity profile only as a function
of the radial coordinate r. This approximation is known as the β-law approximation and
has the following expression:

v(r) = v∞ (1− R∗/r)β , (62)

= v∞ (1 + u)β , (63)

where v∞ is the terminal velocity and the value of β determines the shape of the velocity
profile. In the context of stellar wind diagnostics, these parameters are considered fit
parameters that must be determined through spectral line fitting. Usually, the range used
for the β parameter is 0.7 . β . 4 [11].
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Figure 12 shows the velocity profile of the fast solution for the stellar and line force
parameters given at the beginning of Section 5.1, together with six different values of β for
a β-law velocity profile. From this figure, we can conclude that the fast solution cannot be
described properly by a β-law with β > 1.2.
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Figure 12. Fast solution velocity profile (solid blue), v(u) vs. u. Six different β-law velocity profiles
are also plotted. It is clearly seen that the β-law approximation is a good one for 0.7 . β . 1.2. See
text for details.

On the other hand, Figure 13 shows the velocity profile for the δ-slow solution for
the stellar and line force parameters given at the beginning of Section 5.3, where δ = 0.32.
Furthermore, the same β-law profiles of Figure 12 are used, with the proper values of v∞
for this solution. The same is plotted in Figure 14 for the Ω-slow solution with Ω = 0.8. In
the case of the δ-slow solution, the β-law profile cannot fit the m-CAK hydrodynamical
solution for any β > 0.7, while for values around β = 0.7, the profiles can be considered
similar. Finally, from Figure 14, we can definitely conclude that Ω-slow solutions cannot be
described properly by any β-law profile.
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Figure 13. δ-slow solution velocity profile (solid blue), v(u) vs. u. Six different β-law velocity profiles
are also plotted. For values around β = 0.7, the profiles can be considered similar, but it can be clearly
concluded that for β > 0.7, the β-law profile cannot fit the m-CAK hydrodynamical δ-slow solution.
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Figure 14. Ω-slow solution velocity profile (solid blue), v(u) vs. u. Six different β-law velocity profiles
are also plotted. It can be clearly concluded that no β-law profile can fit the m-CAK hydrodynamical
Ω-slow solution.

6. Analytical Wind Solutions

Using an analytical expression to represent the radiation force and solve the equation
of motion analytically offers numerous advantages over the numerical integration of the
EoM. These formulae can be used in all cases where good first estimates are needed; for
example, it gives the advantage of solving the radiative transfer problem for moving media
in an easier way.

Kudritzki et al. [28] were some of the first to develop analytical solutions for radiation-
driven winds considering the finite disc correction factor in the line force. Based on these
solutions, they provided approximated analytical expressions for the terminal velocity
and the mass loss rate in terms of the stellar parameters (L, M∗ and R∗), the line force
parameters (k, α and δ) and the free parameter β from the β-law (they adopted β = 1.0 for
their results).

Other authors have tried to simplify the complicated numerical treatment from the
theory. Villata [58], with the purpose of simplifying the integration of the EoM, derived
an approximated expression for the line acceleration term, which depends only on the
radial coordinate. Müller and Vink [59] presented an analytical expression for the velocity
field using a parameterized description for the line acceleration that (as in Villata [58]) also
depends on the radial coordinate. These line acceleration expressions do not depend on the
velocity or the velocity gradient, as the standard m-CAK description does. Araya et al. [60]
proposed to achieve a complete analytical description of the 1D hydrodynamical solution
for radiation-driven winds in the fast regime by gathering the advantages of both previous
approximations (the use of known parameters and the LambertW function). In addition,
Araya et al. [61] developed an analytical solution for the δ-slow regime. To date, no
approximation using the LambertW function has been performed for the Ω-slow regime,
we expect to do this in the future.

In the following sections, we describe the results and methodology used to analytically
solve the equation of motion for fast and δ-slow regimes.

6.1. Solution of the Dimensionless Equation of Motion

In this section, we recapitulated the methodology described by Müller and Vink [59]
to obtain the dimensionless equation of motion.

In a dimensionless form, the momentum equation can be expressed as follows,

v̂
dv̂
dr̂

= − v̂2
crit
r̂2 + ĝline − 1

ρ

dρ

dr̂
, (64)

where r̂ is a dimensionless radial coordinate r̂ = r/R∗ and the dimensionless velocities (in
units of the isothermal sound speed a) are:
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v̂ =
v
a

and v̂crit =
vesc

a
√

2
, (65)

where vcrit is the rotational break-up velocity in the case of a rotating star. It is usually
determined by dividing the effective escape velocity, vesc, by a factor of

√
2. Similarly, a

dimensionless line acceleration can be written as follows:

ĝline =
R∗
a2 gline. (66)

Using the continuity equation and the equation of state of an ideal gas, the dimensionless
equation of motion reads as follows:

(
v̂− 1

v̂

)
dv̂
dr̂

= − v̂2
crit
r̂2 +

2
r̂
+ ĝline(r̂). (67)

Lastly, a 1D velocity profile is derived analytically in terms of the LambertW
function [62–64]. See Müller and Vink [59] for a detailed description of the methodology
used to arrive at this solution. This analytical solution is expressed as follows:

v̂(r̂) =
√
−Wj(x(r̂)), (68)

where

x(r̂) = −
(

r̂c

r̂

)4
exp

[
−2 v̂2

crit

(
1
r̂
− 1

r̂c

)
− 2

∫ r̂

r̂c
ĝline(r̂)dr̂− 1

]
. (69)

In the last equation appears the parameter r̂c, which represents the position of the
sonic (or critical) point.

Furthermore, the LambertW function (Wj) has only two real branches, indicated by
the sub-index j, where j = 0 or −1. These two branches coincide at the sonic point, r̂c, i.e.,

j =
{

0 for 1 ≤ r̂ ≤ r̂c
−1 for r̂ > r̂c

(70)

A regularity condition must be imposed, as in the m-CAK case, since the LHS of the
equation of motion (Equation (67)) vanishes at v̂ = 1 (singularity condition in the CAK
formalism). This is equivalent to ensuring that the RHS of Equation (67) vanishes at r̂ = r̂c.
Therefore,

− v̂2
crit
r̂2

c
+

2
r̂c

+ ĝline(r̂c) = 0, (71)

and r̂c is obtained by solving this last equation. Finally, the velocity profile is derived using
the function x(r̂), Equation (69), in Equation (68).

6.2. The Fast Regime

Kudritzki et al. [28] analytical study of radiation-driven stellar winds allowed Villata [58]
to derive an approximate expression for the line acceleration term. In this case, the line
acceleration is only dependent on the radial coordinate, and it reads as follows:

gline
V92(r̂) =

G M∗ (1− Γe)

R2∗ r̂2 A(α, β, δ)

(
1− 1

r̂

)α(2.2 β−1)
, (72)

with

A(α, β, δ) = (1.76 β)α

1−α

[
10−δ(1 + α)

]1/(1−α)
[

1 +
(

2
α

{
1−

[
10−δ(1 + α)

]1/(α−1)
})1/2

]α

. (73)
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According to Kudritzki et al. [65], the exponent β can be calculated based on the force
multiplier parameters and the escape velocity, vesc:

β = 0.95 α +
0.008

δ
+

0.032 vesc

500
, (74)

with vesc in km/s.
Then, using Equation (72) in its dimensionless form (Equation (66)) and inserting it

into the dimensionless equation of motion (Equation (67)) yields:

(
v̂− 1

v̂

)
dv̂
dr̂

= − v̂2
crit
r̂2 +

2
r̂
+

1
a2

GM∗(1− Γe)

R∗ r̂2 A(α, β, δ)

(
1− 1

r̂

)γv

, (75)

with γv = α (2.2 β− 1).
Based on Villata [58] approximation of the line acceleration, this differential equation

can be viewed as a solar-like differential equation of motion. Hence, the singular point is
the sonic point. Additionally, Villata [58] equation of motion does not have eigenvalues,
which means it does not depend explicitly on the star’s mass loss rate.

Using a standard numerical integration method, Villata [58] solved the equation of
motion and obtained terminal velocities that were within 3–4 % of those computed by
Pauldrach et al. [24] and Kudritzki et al. [65].

A parametrized description of the line acceleration was presented years later by Müller
and Vink [59] that is dependent on the radial coordinate (similar to Villata [58]). The line
acceleration in Müller and Vink [59] was determined using Monte Carlo multi-line radiative
transfer calculations [66,67] and a β law. Following this, the line acceleration was fitted
using the following formula:

ĝline
MV08(r̂) =

ĝ0

r̂1+δ1

(
1− r̂0

r̂δ1

)γ

, (76)

where ĝ0, δ1, r̂0 and γ are the acceleration line parameters.
Then, the solution of the equation of motion, based on their methodology and line

acceleration, is:
v̂(r̂) =

√
−Wj(x(r̂)) , (77)

with

x(r̂) =−
(

r̂c

r̂

)4
exp

[
−2 v̂2

crit

(
1
r̂
− 1

r̂c

)

− 2
r̂0

ĝ0

δ1 (1 + γ)



(

1− r̂0

r̂δ1

)1+γ

−
(

1− r̂0

r̂δ1
c

)1+γ

− 1


. (78)

As a result of the approximations described above, the velocity profile can be
represented analytically, greatly simplifying the solution of the equation of motion.

Furthermore, it is relevant to note that each of the mentioned approximations has its
own advantages and disadvantages. Even though Villata’s approximation of the radiation
force is general and can directly be applied to describe any massive star’s wind, the
momentum equation still needs to be solved numerically. With Müller and Vink [59]
approximation, the equation of motion can be analytically solved based on the ĝ0, δ1, r̂0f
and γ parameters of the star. Nevertheless, it is still necessary to perform Monte Carlo
multi-line radiative transfer calculations in order to determine these parameters.

This methodology to solve the equation of motion was revisited by Araya et al. [60]
in order to derive a fully analytical expression combining Villata [58] expression of the
equation of motion with the methodology developed by Müller and Vink [59].
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This analytical solution is,

v̂(r̂) =
√
−Wj(x(r̂)), (79)

with

x(r̂) = −
(

r̂c

r̂

)4
exp

[
−2 v̂2

crit

(
1
r̂
− 1

r̂c

)
− 2
(

Iĝline
V92

(r̂)− Iĝline
V92

(r̂c)
)
− 1
]

, (80)

where

Iĝline
V92

(r̂) =
(

10−δ (1 + α)
) 1

1−α


1 +

√
2

√

−
(
10−δ (1 + α)− 1

) 1
α−1

α




α

× (1.76 β)α G M∗

(
r̂− 1

r̂

)1+γv Γ− 1
(a2[α− 1](1 + γv) R∗)

. (81)

As was mentioned in the previous section, r̂c can be obtained numerically, making the
RHS of Equation (75) equal to zero. In order to obtain the terminal velocity in a simpler
way, we can use the average value of r̂c (r̂c = 1.0026) obtained by Araya et al. [60]. Note
that this value can be used only in the supersonic region.

Equation (79) has the advantage that it is based not only on the LambertW function,
but also on stellar parameters and the line force parameters. For a wide range of spectral
types, stellar and force multiplier parameters are given (see, e.g., [8,10,22,24,41,44]).

By comparing the analytical solution to the 1D hydrodynamic code HYDWIND, the
accuracy of the analytical solution can be tested. Figure 15 compares the results obtained
with our analytical approximation to those obtained with the hydrodynamics for four stars
taken from Araya et al. [60]. Both solutions have similar behaviour. However, as shown by
Araya et al. [60], the analytical approximation close to the stellar surface (subsonic region)
is not good enough. In the same way, Figure 16 compares the numerical and analytical
velocity profiles near to the stellar surface for ε Ori.
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Figure 15. Velocity profiles as a function of the inverse radial coordinate u = −R∗/r = −1/r̂ for four
models. The hydrodynamic results from HYDWIND are shown in solid blue lines and the analytical
solutions are shown by dashed lines. The stellar and line force parameters for the models are given in
Araya et al. [60].

There is a limitation to this analytical expression when the line force parameter δ
exceeds about 0.3. This is due to the complexity of a term in the proposed line acceleration
expression. To obtain an expression with real values, high values of δ would require high
values of α. However, such kind of α values would be totally unphysical (α > 1). As an
illustration of the dependence of this expression on the parameters α and δ, Figure 17 shows
the domain of the complex and real regions when this expression is evaluated to the given
line acceleration term.
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Figure 16. Velocity profiles of ε Ori as a function of log(r/R∗ − 1) in a region near to the stellar
surface. The solid blue line shows the numerical hydrodynamic result and the analytical solution is
shown by a dashed line. The dot symbol indicates the position of the sonic (or critical) point. The
difference between both curves is around one thermal speed.

Figure 17. Real and complex regions where the line acceleration expression given by Villata [58] can
be found. These regions are delimited by the values of the line force parameters α and δ.

6.3. The δ-Slow Regime

Considering the results obtained when using an approximate description of the wind
velocity for the δ-slow case, Araya et al. [61] modified the function of the line acceleration
given by Müller and Vink [59] to better describe of δ-slow wind.

As a result, the proposed line acceleration is:

ĝline(r̂) =
ĝ0

r̂1+δ1

(
1− 1

r̂δ2

)γ

, (82)

where ĝ0, δ1, δ2 and γ are the new set of line acceleration parameters.
It is notable that the δ2 parameter, which has been incorporated into this new expression,

provides a much better agreement with the numerical line acceleration obtained from the
m-CAK model in the δ-slow regime compared with the one from Müller and Vink [59].

Based on this new definition of the radiation force, the new dimensionless equation of
motion reads: (

v̂− 1
v̂

)
dv̂
dr̂

= − v̂2
crit
r̂2 +

2
r̂
+

ĝ0

r̂1+δ1

(
1− 1

r̂δ2

)γ

. (83)

The LambertW function is used to solve the equation of motion, Equation (83),
following the same methodology developed by Müller and Vink [59],

v̂(r̂) =
√
−Wj(x(r̂)) , (84)
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with

x(r̂) = −
(

r̂c

r̂

)4
exp

[
−2 v̂2

crit

(
1
r̂
− 1

r̂c

)
− 2
(

Iĝline(r̂)− Iĝline(r̂c)
)
− 1
]

,

where

Iĝline =
∫

ĝline(r̂)dr̂ = −
g0 r̂−δ1 2F1

[
−γ, δ1

δ2
, 1 + δ1

δ2
, r̂−δ2

]

δ1
, (85)

and 2F1 is the Gauss Hypergeometric function. The critical (or sonic) point, r̂c is obtained
numerically, making the RHS of Equation (83) equal to zero.

Ultimately, this expression for the velocity profile is in quite satisfactory agreement
with the numerical solution from HYDWIND.

As described in Araya et al. [60], a relationship was established between the Müller
and Vink [59] line force parameters (ĝ0, δ1, r̂0 and γ) and the stellar and m-CAK line force
parameters. In addition to being easy to use, this relationship provides a straightforward
and versatile method of calculating velocity profiles analytically for a wide range of spectral
types, since both stellar and m-CAK line force parameters are available (see [8,10,22,24,41,44]).

A similar relationship can be derived for the δ-slow regime using m-CAK hydrodynamic
models, that is, creating a grid of HYDWIND models for δ-slow solutions. These models are
then analysed using a multivariate multiple regression analysis (MMR [68,69]).

To develop this hydrodynamic grid, the stellar radius is calculated from Mbol for each
pair of stellar parameters (Teff and log g) by using the flux weighted gravity–luminosity
relationship [70,71]. Additionally, a total of 20 stellar radius values were added (ranging
from 5 R� to 100 R� in steps of 5 R�). The surface gravities are in the range of log g = 2.7
down to about 90% of Eddington’s limit in steps of 0.15 dex. The effective temperatures
are between 9 000 K and 19, 500 K in steps of 500 K. The range of this grid has been chosen
to cover the region of the Teff-log g diagram that contains B- and A-type supergiants. In
Table 1, the m-CAK line force parameters for each set of (Teff, log g) values are listed. For
the purpose of obtaining δ-slow solutions, only high values of δ are considered. For the
Teff-log g plane (see Figure 18), we show in blue dots all converged models.

Table 1. m-CAK line force parameter ranges for the grid of models.

Parameter Range

α 0.45–0.69 (step size of 0.02)
k 0.05–1.00 (step size of 0.05)
δ 0.26–0.35 (step size of 0.01)
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Figure 18. Hydrodynamic models in the Teff-log g plane. Blue dots represent the converged solutions.
Grey solid lines are the evolutionary tracks for stars of 7M� to 60M� without rotation [72], and black
lines represent the zero-age main sequence (ZAMS) and the terminal age main sequence (TAMS).
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In order to obtain the new line acceleration parameters (ĝ0, δ1, δ2 and γ) for each
model, the m-CAK line acceleration was fitted, using Least Squares, with the proposed line
acceleration expression (Equation (82)). Then, an MMR is applied to the grid of models in
order to derive the relationship between the new line acceleration parameters (ĝ0, δ1, δ2
and γ) and stellar (Teff, log g and R∗/R�) and m-CAK line force parameters (k, α and δ).
The estimated parameters are:

ĝ0.27
0 = −4.548− 1.890× 10−4 Teff + (86)

4.393 log g + 3.026× 10−2R∗/R� −
4.802× 10−3 k + 3.781 α− 3.212 δ,

(δ1 + 1)5.3 = −4.623− 3.743× 10−4 Teff + (87)

1.489× 101 log g + 1.148× 10−1R∗/R� +

2.415 k + 9.553× 101 α− 1.320× 102 δ,

δ0.45
2 = 5.359 + 8.262× 10−5 Teff − (88)

1.327 log g− 8.327× 10−3R∗/R� +

2.181× 10−1 k + 9.618× 10−1 α− 2.296 δ

and

(γ + 1)−3.56 = −1.031 + 7.254× 10−6 Teff + (89)

2.994× 10−1 log g + 3.097× 10−3R∗/R� +

1.836× 10−1 k− 4.828× 10−1 α + 1.254 δ,

After the estimated values for each dependent variable (ĝ0.27
0 , (δ1 + 1)5.3 and δ0.45

2 ,
(γ + 1)−3.56) are obtained they are transformed into ĝ0, δ1, δ2 and γ through their respective
inverse functions. Finally, we can use these parameters in Equation (84) to calculate the
velocity profile.

The velocity profiles obtained via HYDWIND code and the analytical solution are
shown in Figure 19 for one model with a δ-slow solution. The model is taken
from Curé et al. [27].
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Figure 19. Velocity profiles as a function of the inverse radial coordinate u = −R∗/r = −1/r̂ for the
model R24 from Curé et al. [27]. The hydrodynamic result from HYDWIND is shown in the solid blue
line and the analytical solution is a dashed black line.

Remember, however, that this relationship holds only for δ-slow solutions, especially
for values of δ between 0.29 and 0.35. In addition, considering the number of converged
models in the grid, the authors recommend using this expression for values of α between
0.45 and 0.55.
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Finally, it is important to remark that both analytical solutions for the velocity profile,
fast and δ-slow, do depend only on the stellar (Teff, log g and R∗/R�) and m-CAK line force
parameters (k, α and δ). Regarding the mass loss rate, Villata [58] proposed an expression
to obtain it (in terms of the stellar and m-CAK parameters) following the approximations
given by Kudritzki et al. [28]. Furthermore, Araya et al. [61], in the appendix, proposed a
method to obtain the mass loss based on Curé [50].

7. Summary and Discussion

Observations in recent decades have shown that the basic wind parameters behave
as predicted by theory. This fundamental agreement between observations and theory
provides strong evidence that the winds from massive stars are driven by radiation pressure.
This has given m-CAK theory a well-established status in the massive star community.
However, several issues are contentious and still unclear, such as the calibration of the
wind momentum–luminosity relationship (WLR) [73], discs of Be stars, wind parameter
determination and the applicability of the so-called slow wind solutions, among others. All
these issues are the focus of massive stars research.

This review is focused on the theoretical and numerical research of wind
hydrodynamics of massive stars based on the m-CAK theory, with particular emphasis on
its topology and hydrodynamic solutions.

We presented a topological analysis of the one-dimensional m-CAK hydrodynamic
model and its three known hydrodynamic solutions, the fast, Ω-slow and δ-slow solutions.
From a topological point of view, slow solutions are obtained from a new branch of solutions
with a locus of singular points far from the stellar surface, unlike fast solutions with a
family of singular points near the stellar surface.

We continued analyzing the dependence of the line force parameters (k, α and δ) with
the wind parameters (mass loss rate and terminal velocity) in order to understand the
complex non-linear dependence between these parameters. In the case of α, there is an
increase in both wind parameters as this parameter increases. This behaviour is similar to
the k parameter, but the dependence is very slight for terminal velocity, while the mass loss
rate has a significant impact. For the δ parameter, the terminal velocity has a decreasing
behaviour when this parameter increases, while the mass loss rate can have a decreasing or
increasing behaviour, which depends on the parameter k. When k is low, mass loss rates
decrease while δ increases, whereas when k is large, the opposite occurs.

In addition, we compared the β-law with the hydrodynamic solutions. We concluded
that the fast solution could not be adequately described by a β-law with β > 1.2, while the
δ-slow solution cannot be described by any β-law.

Furthermore, we presented two analytical expressions for the solution of line-driven
winds in terms of the stellar and line force parameters. The expressions are addressed to
obtain the fast and δ-slow velocity regimes in a simple way. Both solutions are based on
the LambertW function and an approximative expression for the wind line acceleration
as a function of the radial distance. The importance of an analytical solution lies in its
simplicity in studying the properties of the wind instead of solving complex hydrodynamic
equations. In addition, these analytical expressions can be used in radiative transfer or
stellar evolution codes (see, e.g., [74]).

Concerning the applicability of the slows solutions, in the case of the Ω-slow solution,
their behaviour suggests that it can play a paramount role in the ejection of material to
the equatorial circumstellar environment of Be and B[e] stars. Be stars are a unique set
of massive stars whose main distinguishing characteristics are a rapid rotation and the
presence of a dense, gaseous circumstellar disc orbiting in a quasi-Keplerian fashion. There
is a long-standing problem in understanding the formation of discs in Be stars; this is one
of the major areas of ongoing research in Be stars. The gaseous discs are not remnants
of the objects’ protostellar environments, nor are they formed through the accretion of
material [54,75]. On the contrary, the equatorial gas consists of a decretion disc formed
from a material originating from the central star.
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As was stated above, attempts to solve this problem have been made without much
success, for example, the link between the line-driven winds and these discs, called the
wind-compressed discs [76], but the work of Owocki et al. [77] was the first to show
this is not a viable mechanism for rapidly rotating stars due to the non-radial line force
components. The most accepted model to successfully reproduce many Be star observations
is the viscous decretion disc (VDD) model, developed by Lee et al. [78] and examined by
Okazaki [79], Bjorkman and Carciofi [25], Krtička et al. [80] and Curé et al. [81]. Currently,
how that material is ejected into the equatorial plane and how sufficient angular momentum
is transferred to the disc to maintain quasi-Keplerian rotation are among the primary
unresolved questions currently driving classical Be star research.

Araya et al. [55] studied the Ω-slow wind solution and its relation with the discs
of Be stars. Overall, this work is an extension to the study performed by Silaj et al. [82],
where they precisely investigated if the density distribution provided by the Ω-slow wind
solution could adequately describe the physical conditions to form a dense disc in Keplerian
rotation via angular momentum transfer. They considered a two-component wind model,
i.e., a fast, thin wind in the polar latitudes and a Ω-slow, dense wind in the equatorial
regions. Based on the equatorial density distributions, Hα line profiles were generated and
compared with an ad hoc emission profile, which agreed with the observations. In addition,
their calculations assumed three different scenarios related to the shape (oblate correction
factor) and the star’s brightness (gravity darkening). Finally, they found that under certain
conditions (related to the line force parameter of the wind), a significant Hα line profile
could be produced, and it may be that the line-driven winds through the Ω-slow solution
have an essential role in the disc formation of Be stars.

In addition, Araya et al. [51] studied the zone where the classical m-CAK fast solution
ceases to exist, and the Ω-slow solution emerges at rapid rotational speeds. This study used
two hydrodynamic codes with time-dependent and stationary approaches. They found
that both solutions can co-exist in this transition region, which depends exclusively on the
initial conditions. In addition, they performed base density wind perturbations to test the
stability of the solution within the co-existence region. A switch of the solution was found
under certain perturbation conditions. The results are explained by a possible role in the
ejection of extra material into the equatorial plane of pulsation modes, where the Ω-slow
solution can play an important role.

A current weakness of this m-CAK model is that it does not consider the role of
viscosity and its influence on angular momentum transport. This mechanism might explain
the formation of a Keplerian disc.

On the other hand, the δ-slow solution is promising to explain the discrepancies of
the wind parameters between observations and theory in late B- and A-type supergiant
stars. According to the findings of Venero et al. [53], these suggest that the terminal velocity
of early and mid-B supergiants agrees with the results seen from fast outflowing winds.
In contrast, the results obtained for late B supergiants and, mainly, those obtained for
early A supergiants, agree with the results achieved for δ-slow stationary outflowing wind
regimes. Then, the δ-slow solution enables us to describe the global features of the wind
quite well, such as mass loss rates and terminal velocities of moderately and slowly rotating
B supergiants.

Conversely, Venero et al. [53] stated that the δ-slow solution seems not to be present in
stars with Teff > 21, 000 K. This restricts the possibility of a switch between fast and slow
regimes at such temperatures. Consequently, this would be a physical explanation for why
an empirical bi-stability jump can be observed around 21, 000 K in B supergiants [83]. From
a theoretical perspective, a velocity jump has also been found using Monte Carlo modelling
and the co-moving frame method (see, e.g., [13,84,85]).

In addition, it is generally accepted that most O and early B-type stars can be adequately
modelled with a β velocity law with 0.7 . β . 1.2. However, supergiants A and B exhibit
β values that tend towards higher values, often β ≥ 2 (see, e.g., [86–90]). Venero et al.
2023 (in preparation) propose that δ-slow solutions might explain these winds. They show
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that the δ-slow regime could adequately fit the Hα line profile of B supergiants with the
same accuracy as that obtained using a β-law with β ≥ 2, but now with a hydrodynamic
explanation of the velocity profile used.

The investigations carried out in the latest works inspired us to go deeper into the
possible role of slow wind solutions with respect to the unresolved questions related to
massive stars. In view of our results, we are encouraged to develop this line of research
further. In the case of the Ω-slow solution and its link to Be stars, or possibly to B[e]
stars, it would require 2D/3D models for a better understanding to take into account non-
radial forces, the effects of stellar distortion and gravity darkening. These considerations
could change, in turn, the nature of the Ω-slow solution or the behaviour regarding the
co-existence of solutions and a switch between them.

The δ-slow solution could play an essential role in understanding the winds of B-
and A-type supergiants. Moreover, this solution is expected to solve the disagreement
between the observations and theory for these stars and, in this way, calibrate the wind
momentum–luminosity relationship.

As we mentioned previously, in the standard procedure for finding stellar and wind
parameters, the β-law (β and v∞) and the mass loss rate (Ṁ) are three ’free’ input parameters
in radiative transfer codes, comparing synthetic spectra with the observed spectra of a
star. The β law comes from an approximation of the fast wind solutions, and the values
of β should be in a restricted interval. To improve the hydrodynamic approximation used
in this standard procedure, we have developed two hydrodynamic procedures to derive
stellar and wind parameters:

• The self-consistent CAK procedure [44], based on the m-CAK model. Here, we
iteratively calculate the line force parameters using the atomic line database from
CMFGEN, coupled with the m-CAK hydrodynamic until convergence. We obtain the
line force parameters and, therefore, the velocity profile and the mass loss rate. Thus,
none of the input parameters are ’free’, but self-consistently calculated.

• The LambertW procedure [45]. In this procedure, we start using a β-law and a value
for Ṁ in CMFGEN. After convergence, we calculate the line acceleration as a function
of r, and, using the LambertW function, we obtain a new velocity profile. This is
inserted in CMFGEN and the cycle is repeated until convergence. In this LambertW
procedure, the only input parameter is the mass loss rate.

We expect that these two alternatives, which reduce the number of input parameters,
will in the future have a significant impact on the standard procedures for obtaining stellar
and wind parameters of massive stars.
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WLR Wind momentum–Luminosity Relationship
VDD Viscous Decretion Disc

Appendix A

In their original work, CAK discussed the stellar point approximation of their model
and properly estimated the influence of the disc correction factor (CF) on the wind
dynamics, i.e., reducing the line force by about 40% at the stellar surface.

The definition of the CF is:

CF =
2

1− µ2∗

∫ 1

µ∗

(
(1− µ2)v/r + µ2v

′

v′

)α

µdµ (A1)

where v′ = dv/dr and µ2∗ = 1− (R∗/r)2.
Integrating (A1) and changing the variables from r −→ u = −R∗/r and v −→ w = v/a,

where a is the thermal speed, the finite disc correction factor transforms to:

CF(u, w/w′) =
1

1− α

1
u2

1
(1 + 1

u
w
w′
)

[
1−

(
1− u2 − u

w
w′
)(1+α)

]
, (A2)

where w
′
= dw/dr. Due to the fact that CF depends on u and the ratio Z = w/w′, we can

define λ as:
λ = (u + Z) u. (A3)

Therefore, CF(u, Z) is re-written as:

CF(λ) =
1

(1− α)

1
λ

[
1− (1− λ)(1+α)

]
. (A4)

The partial derivatives of CF with respect to u, w, w
′

are then related to ∂CF/∂λ via
the chain rule, namely:

∂CF
∂u

=
∂CF
∂λ
× ∂λ

∂u
. (A5)

∂CF
∂w

=
∂CF
∂λ
× ∂λ

∂w
. (A6)

∂CF
∂w′

=
∂CF
∂λ
× ∂λ

∂w′
. (A7)

The function e(λ) = ∂CF/∂λ is therefore:

e(λ) =
(1− λ)α − CF(λ)

λ
. (A8)

Then, (A5)–(A7) are related to (A8) by:

e(λ) =
1

2u + Z
× ∂CF

∂u
=

w′

u
× ∂CF

∂w
= − w

′

uZ
× ∂CF

∂w′
. (A9)
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Approximating Z by a β-field (Z = (1 + u)/β), we obtain CF and e only as functions
of u.

Appendix B

Here, the basic steps toward Equations (52)–(54) are outlined. The reader should keep
in mind the original derivation by CAK.

The partial derivatives of F(u, w, w′) (Equation (52)), with respect to u, w and w′ are:

∂F
∂u

= − 2
u2 + a2

rot − C
′
(

∂CF
∂u

g + CF
∂g
∂u

)
w−δ (w w′)α (A10)

∂F
∂w

=

(
1 +

1
w2

)
w
′ − C

′
(

∂CF
∂w

+ α
CF
w
− δ

CF
w

)
g w−δ (w w′)α (A11)

∂F
∂w′

=

(
1− 1

w2

)
w− C

′
(

∂CF
∂w′

+ α
CF
w′

)
g w−δ (w w′)α (A12)

After using the new coordinates Y = w w
′

and Z = w/w
′
, some derivative relation of

the correction factor (see Appendix A) and defining:

dg(u)
du

= g(u)× h(u) (A13)

where

h(u) = δ


 2

u
− u
√

1− u2
(

1−
√

1− u2
)


 (A14)

the singularity condition (w′ ∂F/∂w′ = 0) now reads:
(

1− 1
YZ

)
Y − C′ f2(u, Z) g Z−δ/2 Yα−δ/2 = 0 (A15)

where f1(u, Z) = CF(u, Z),

f2(u, Z) = α f1(u, Z)− u Z× e(u, Z) (A16)

and e(u, Z) = e(λ) is defined in Appendix A.
The regularity condition (Z dF/du = 0) now transforms to:

(
1 +

1
YZ

)
Y− C′ f3(u, Z) g(u) Z−δ/2 Yα−δ/2 = +

2Z
u2 − a2

rotZ (A17)

where
f3(u, Z) = (3u + Z) Z× e(u, Z) + f1(u, Z)× (h(u) Z + α− δ) (A18)

Notes
1 The surface gravity g is given in CGS units, i.e., cm/s2. The quantity log g is dimensionless, see Matta et al. [19].
2 Electrons with a velocity distribution function given by the Maxwellian distribution.
3 This equation is for the direct radiation force as no scattering contributions are included within the Sobolev approximation.
4 The subscript s means at the singular point.

References
1. Johnson, M.C. The emission of hydrogen and helium from a star by radiation pressure, and its effect in the ultra-violet continuous

spectrum. Mon. Not. R. Astron. Soc. 1925, 85, 813–825. [CrossRef]
2. Johnson, M.C. The velocities of ions under radiation pressure in a stellar atmosphere, and their effect in the ultraviolet continuous

spectrum (Second paper). Mon. Not. R. Astron. Soc. 1926, 86, 300. [CrossRef]

30



Galaxies 2023, 11, 68

3. Milne, E.A. On the possibility of the emission of high-speed atoms from the sun and stars. Mon. Not. R. Astron. Soc. 1926,
86, 459–473. [CrossRef]

4. Chandrasekhar, I.S. The Time of Relaxation of Stellar Systems. Astrophys. J. 1941, 93, 285. [CrossRef]
5. Chandrasekhar, S. Stochastic Problems in Physics and Astronomy. Rev. Mod. Phys. 1943, 15, 1–89. [CrossRef]
6. Spitzer, L. Physics of Fully Ionized Gases; Courier Corporation: Chelmsford, MA, USA, 1956.
7. Morton, D.C. The Far-Ultraviolet Spectra of Six Stars in Orion. Astrophys. J. 1967, 147, 1017. [CrossRef]
8. Lamers, H.J.G.L.M.; Cassinelli, J.P. Introduction to Stellar Winds; Cambridge University Press: Cambridge, UK, 1999; p. 219.
9. Snow, T.P.J.; Morton, D.C. Copernicus ultraviolet observations of mass-loss effects in O and B stars. Astrophys. J. Suppl. 1976,

32, 429–465. [CrossRef]
10. Abbott, D.C. The theory of radiatively driven stellar winds. II—The line acceleration. Astrophys. J. 1982, 259, 282–301. [CrossRef]
11. Kudritzki, R.P.; Puls, J. Winds from Hot Stars. Annu. Rev. Astron. Astrophys. 2000, 38, 613–666. [CrossRef]
12. Puls, J.; Vink, J.S.; Najarro, F. Mass loss from hot massive stars. Astron. Astrophys. 2008, 16, 209–325. [CrossRef]
13. Vink, J.S. Theory and Diagnostics of Hot Star Mass Loss. Annu. Rev. Astron. Astrophys. 2022, 60, 203–246. [CrossRef]
14. Parker, E.N. Dynamics of the Interplanetary Gas and Magnetic Fields. Astrophys. J. 1958, 128, 664. [CrossRef]
15. Lucy, L.B.; Solomon, P.M. Mass Loss by Hot Stars. Astrophys. J. 1970, 159, 879. [CrossRef]
16. Castor, J.I.; Abbott, D.C.; Klein, R.I. Radiation-driven winds in Of stars. Astrophys. J. 1975, 195, 157–174. [CrossRef]
17. Sobolev, V.V. Moving Envelopes of Stars; Harvard University Press: Cambridge, MA, USA, 1960.
18. Castor, J.I. On the force associated with absorption of spectral line radiation. Mon. Not. R. Astron. Soc. 1974, 169, 279–306.

[CrossRef]
19. Matta, C.F.; Massa, L.; Gubskaya, A.V.; Knoll, E. Can One Take the Logarithm or the Sine of a Dimensioned Quantity or a Unit?

Dimensional Analysis Involving Transcendental Functions. J. Chem. Educ. 2011, 88, 67–70. [CrossRef]
20. Hillier, D.J. Hot Stars with Winds: The CMFGEN Code. In From Interacting Binaries to Exoplanets: Essential Modeling Tools; Richards,

M.T., Hubeny, I., Eds.; IAU Symposium; Cambridge University Press: Cambridge, UK, 2012; Volume 282; pp. 229–234. [CrossRef]
21. Pauldrach, A.W.A.; Hoffmann, T.L.; Lennon, M. Radiation-driven winds of hot luminous stars. XIII. A description of NLTE line

blocking and blanketing towards realistic models for expanding atmospheres. Astron. Astrophys. 2001, 375, 161–195. [CrossRef]
22. Lattimer, A.S.; Cranmer, S.R. An Updated Formalism for Line-driven Radiative Acceleration and Implications for Stellar Mass

Loss. Astrophys. J. 2021, 910, 48. [CrossRef]
23. Friend, D.B.; Abbott, D.C. The theory of radiatively driven stellar winds. III—Wind models with finite disk correction and

rotation. Astrophys. J. 1986, 311, 701–707. [CrossRef]
24. Pauldrach, A.; Puls, J.; Kudritzki, R.P. Radiation-driven winds of hot luminous stars—Improvements of the theory and first

results. Astron. Astrophys. 1986, 164, 86–100.
25. Bjorkman, J.E.; Carciofi, A.C. Modeling the Structure of Hot Star Disks. In The Nature and Evolution of Disks Around Hot Stars;

Ignace, R., Gayley, K.G., Eds.; Astronomical Society of the Pacific Conference Series; Astronomical Society of the Pacific: San
Francisco, CA, USA, 2005, Volume 337; p. 75.

26. Curé, M.; Rial, D.F. A new numerical method for solving radiation driven winds from hot stars. Astron. Nachrichten 2007, 328, 513.
[CrossRef]

27. Curé, M.; Cidale, L.; Granada, A. Slow Radiation-driven Wind Solutions of A-type Supergiants. Astrophys. J. 2011, 737, 18.
[CrossRef]

28. Kudritzki, R.P.; Pauldrach, A.; Puls, J.; Abbott, D.C. Radiation-driven winds of hot stars. VI - Analytical solutions for wind
models including the finite cone angle effect. Astron. Astrophys. 1989, 219, 205–218.

29. Hubeny, I.; Mihalas, D. Theory of Stellar Atmospheres. An Introduction to Astrophysical Non-equilibrium Quantitative Spectroscopic
Analysis; Princeton University Press: Princeton, NJ, USA, 2015.

30. Santolaya-Rey, A.E.; Puls, J.; Herrero, A. Atmospheric NLTE-models for the spectroscopic analysis of luminous blue stars with
winds. Astron. Astrophys. 1997, 323, 488–512.

31. Puls, J.; Urbaneja, M.A.; Venero, R.; Repolust, T.; Springmann, U.; Jokuthy, A.; Mokiem, M.R. Atmospheric NLTE-models for the
spectroscopic analysis of blue stars with winds. II. Line-blanketed models. Astron. Astrophys. 2005, 435, 669–698. [CrossRef]

32. Hillier, D.J. Modeling the extended atmospheres of WN stars. Astrophys. Journals 1987, 63, 947–964. [CrossRef]
33. Hillier, D.J.; Miller, D.L. The Treatment of Non-LTE Line Blanketing in Spherically Expanding Outflows. Astrophys. J. 1998,

496, 407–427. [CrossRef]
34. Hillier, D.J.; Lanz, T. CMFGEN: A non-LTE Line-Blanketed Radiative Transfer Code for Modeling Hot Stars with Stellar Winds.

In Spectroscopic Challenges of Photoionized Plasmas; Ferland, G., Savin, D.W., Eds.; Astronomical Society of the Pacific Conference
Series; Astronomical Society of the Pacific: San Francisco, CA, USA, 2001; Volume 247; p. 343.

35. Hamann, W.R.; Schmutz, W. Computed He II spectra for Wolf-Rayet stars—A grid of models. Astron. Astrophys. 1987, 174, 173–182.
36. Todt, H.; Sander, A.; Hainich, R.; Hamann, W.R.; Quade, M.; Shenar, T. Potsdam Wolf-Rayet model atmosphere grids for WN

stars. Astron. Astrophys. 2015, 579, A75. [CrossRef]
37. Pozdnyakov, L.A.; Sobol, I.M.; Syunyaev, R.A. Comptonization and the shaping of X-ray source spectra—Monte Carlo calculations.

Astrophys. Space Phys. Res. 1983, 2, 189–331.
38. Roman-Duval, J.; Taylor, J.; Fullerton, A.; Fischer, W.; Plesha, R. The ULLYSES Large Director’s Discretionary Program with Hubble:

Overview, Status, and Initial Results; American Astronomical Society: Washington, DC, USA, 2023; Volume 55, p. 223.02.

31



Galaxies 2023, 11, 68

39. Hawcroft, C.; Sana, H.; Mahy, L.; Sundqvist, J.O.; de Koter, A.; Crowther, P.A.; Bestenlehner, J.M.; Brands, S.A.; David-Uraz, A.;
Decin, L.; et al. X-Shooting ULLYSES: Massive stars at low metallicity. III. Terminal wind speeds of ULLYSES massive stars. arXiv
2023, arXiv:2303.12165. [CrossRef]

40. Hillier, D.J.; Miller, D.L. Constraints on the Evolution of Massive Stars through Spectral Analysis. I. The WC5 Star HD 165763.
Astrophys. J. 1999, 519, 354–371. [CrossRef]

41. Noebauer, U.M.; Sim, S.A. Self-consistent modelling of line-driven hot-star winds with Monte Carlo radiation hydrodynamics.
Mon. Not. R. Astron. Soc. 2015, 453, 3120–3134. [CrossRef]

42. Puls, J.; Springmann, U.; Lennon, M. Radiation driven winds of hot luminous stars. XIV. Line statistics and radiative driving.
Astron. Astrophys. 2000, 141, 23–64. [CrossRef]

43. Gayley, K.G. An Improved Line-Strength Parameterization in Hot-Star Winds. Astrophys. J. 1995, 454, 410. [CrossRef]
44. Gormaz-Matamala, A.C.; Curé, M.; Cidale, L.S.; Venero, R.O.J. Self-consistent Solutions for Line-driven Winds of Hot Massive

Stars: The m-CAK Procedure. Astrophys. J. 2019, 873, 131. [CrossRef]
45. Gormaz-Matamala, A.C.; Curé, M.; Hillier, D.J.; Najarro, F.; Kubátová, B.; Kubát, J. New Hydrodynamic Solutions for Line-driven

Winds of Hot Massive Stars Using the Lambert W-function. Astrophys. J. 2021, 920, 64. [CrossRef]
46. Poniatowski, L.G.; Kee, N.D.; Sundqvist, J.O.; Driessen, F.A.; Moens, N.; Owocki, S.P.; Gayley, K.G.; Decin, L.; de Koter, A.; Sana,

H. Method and new tabulations for flux-weighted line opacity and radiation line force in supersonic media. Astron. Astrophys.
2022, 667, A113. [CrossRef]

47. de Araujo, F.X.; de Freitas Pacheco, J.A. Radiatively driven winds with azimuthal symmetry: Application to be stars. MNRAS
1989, 241, 543–557. [CrossRef]

48. Friend, D.B.; MacGregor, K.B. Winds from rotating, magnetic, hot stars. I. General model results. Astrophys. J. 1984, 282, 591–602.
[CrossRef]

49. Madura, T.I.; Owocki, S.P.; Feldmeier, A. A Nozzle Analysis of Slow-Acceleration Solutions in One-dimensional Models of
Rotating Hot-Star Winds. Astrophys. J. 2007, 660, 687–698. [CrossRef]

50. Curé, M. The Influence of Rotation in Radiation-driven Wind from Hot Stars: New Solutions and Disk Formation in Be Stars.
Astrophys. J. 2004, 614, 929–941. [CrossRef]

51. Araya, I.; Curé, M.; ud-Doula, A.; Santillán, A.; Cidale, L. Co-existence and switching between fast and Ω-slow wind solutions in
rapidly rotating massive stars. MNRAS 2018, 477, 755–765. [CrossRef]

52. Curé, M. Multi Component Line Driven Dtellar Winds. Ph.D. Thesis, Luwdig-Maximillians Universität, Munich, Germany, 1992.
53. Venero, R.O.J.; Curé, M.; Cidale, L.S.; Araya, I. The Wind of Rotating B Supergiants. I. Domains of Slow and Fast Solution Regimes.

Astrophys. J. 2016, 822, 28. [CrossRef]
54. Rivinius, T.; Carciofi, A.C.; Martayan, C. Classical Be stars. Rapidly rotating B stars with viscous Keplerian decretion disks.

Astron. Astrophys. 2013, 21, 69. [CrossRef]
55. Araya, I.; Jones, C.E.; Curé, M.; Silaj, J.; Cidale, L.; Granada, A.; Jiménez, A. Ω-slow Solutions and Be Star Disks. Astrophys. J. 2017,

846, 2. [CrossRef]
56. Cranmer, S.R.; Owocki, S.P. The effect of oblateness and gravity darkening on the radiation driving in winds from rapidly rotating

B stars. Astrophys. J. 1995, 440, 308–321. [CrossRef]
57. Kudritzki, R.P. Line-driven Winds, Ionizing Fluxes, and Ultraviolet Spectra of Hot Stars at Extremely Low Metallicity. I. Very

Massive O Stars. Astrophys. J. 2002, 577, 389–408. [CrossRef]
58. Villata, M. Radiation-driven winds of hot stars—A simplified model. Astron. Astrophys. 1992, 257, 677–680.
59. Müller, P.E.; Vink, J.S. A consistent solution for the velocity field and mass-loss rate of massive stars. Astron. Astrophys. 2008,

492, 493–509. [CrossRef]
60. Araya, I.; Curé, M.; Cidale, L.S. Analytical Solutions for Radiation-driven Winds in Massive Stars. I. The Fast Regime. Astrophys.

J. 2014, 795, 81. [CrossRef]
61. Araya, I.; Christen, A.; Curé, M.; Cidale, L.S.; Venero, R.O.J.; Arcos, C.; Gormaz-Matamala, A.C.; Haucke, M.; Escárate, P.;

Clavería, H. Analytical solutions for radiation-driven winds in massive stars - II. The δ-slow regime. MNRAS 2021, 504, 2550–2556.
[CrossRef]

62. Corless, R.M.; Gonnet, G.H.; Hare, D.E.G.; Jeffrey, D.J. Lambert’s W function in Maple. Maple Tech. Newsl. 1993, 9, 12–22.
63. Corless, R.M.; Gonnet, G.H.; Hare, D.E.G.; Jeffrey, D.J.; Knuth, D.E. On the LambertW function. Adv. Comput. Math. 1996,

5, 329–359. [CrossRef]
64. Cranmer, S.R. New views of the solar wind with the Lambert W function. Am. J. Phys. 2004, 72, 1397–1403. [CrossRef]
65. Kudritzki, R.P.; Pauldrach, A.; Puls, J. Radiation driven winds of hot luminous stars. II - Wind models for O-stars in the Magellanic

Clouds. Astron. Astrophys. 1987, 173, 293–298.
66. de Koter, A.; Heap, S.R.; Hubeny, I. On the Evolutionary Phase and Mass Loss of the Wolf-Rayet–like Stars in R136a. Astrophys. J.

1997, 477, 792. [CrossRef]
67. Vink, J.S.; de Koter, A.; Lamers, H.J.G.L.M. On the nature of the bi-stability jump in the winds of early-type supergiants. Astron.

Astrophys. 1999, 350, 181–196.
68. Rencher, A.; Christensen, W. Methods of Multivariate Analysis; Wiley Series in Probability and Statistics; Wiley: Hoboken, NJ,

USA, 2012.

32



Galaxies 2023, 11, 68

69. Mardia, K.V.; Kent, J.T.; Bibby, J.M. Multivariate Analysis (Probability and Mathematical Statistics); Academic Press: Cambridge, MA,
USA, 1980.

70. Kudritzki, R.P.; Bresolin, F.; Przybilla, N. A New Extragalactic Distance Determination Method Using the Flux-weighted Gravity
of Late B and Early A Supergiants. Astrophys. J. 2003, 582, L83–L86. [CrossRef]

71. Kudritzki, R.P.; Urbaneja, M.A.; Bresolin, F.; Przybilla, N.; Gieren, W.; Pietrzyński, G. Quantitative Spectroscopy of 24 A
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Abstract: We aim to combine asteroseismology, spectroscopy, and evolutionary models to establish
a comprehensive picture of the evolution of Galactic blue supergiant stars (BSG). To start such an
investigation, we selected three BSG candidates for our analysis: HD 42087 (PU Gem), HD 52089
(ε CMa), and HD 58350 (η CMa). These stars show pulsations and were suspected to be in an
evolutionary stage either preceding or succeding the red supergiant (RSG) stage. For our analysis,
we utilized the 2-min cadence TESS data to study the photometric variability, and we obtained new
spectroscopic observations at the CASLEO observatory. We used non-LTE radiative transfer models
calculated with CMFGEN to derive their stellar and wind parameters. For the fitting procedure,
we included CMFGEN models in the iterative spectral analysis pipeline XTGRID to determine their
CNO abundances. The spectral modeling was limited to changing only the effective temperature,
surface gravity, CNO abundances, and mass-loss rates. Finally, we compared the derived metal
abundances with prediction from Geneva stellar evolution models. The frequency spectra of all three
stars show stochastic oscillations and indications of one nonradial strange mode, fr = 0.09321 d−1 in
HD 42087 and a rotational splitting centred in f2 = 0.36366 d−1 in HD 52089. We conclude that the
rather short sectoral observing windows of TESS prevent establishing a reliable mode identification
of low frequencies connected to mass-loss variabilities. The spectral analysis confirmed gradual
changes in the mass-loss rates, and the derived CNO abundances comply with the values reported
in the literature. We were able to achieve a quantitative match with stellar evolution models for the
stellar masses and luminosities. However, the spectroscopic surface abundances turned out to be
inconsistent with the theoretical predictions. The stars show N enrichment, typical for CNO cycle
processed material, but the abundance ratios did not reflect the associated levels of C and O depletion.
We found HD 42087 to be the most consistent with a pre-RSG evolutionary stage, HD 58350 is most
likely in a post-RSG evolution and HD 52089 shows stellar parameters compatible with a star at
the TAMS.

Keywords: stars: massive; stars: supergiants; stars: winds; outflows

1. Introduction

Massive stars are one of the most important objects in the universe due to their key
role in the enrichment of interstellar medium with metals for future star generations, as
well as in the evolution of host galaxies [1]. Nevertheless, understanding their evolution is
challenging due to the significant changes they experience at different evolutionary stages,
especially during the post-Main Sequence (MS). Therefore, any inaccuracy in the input
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parameters results in large uncertainties of the evolutionary models [2,3]. Fortunately, there
are many sophisticated stellar evolutionary models calculated for massive stars e.g., [4,5].
However, they depend on internal parameters such as rotation, chemical mixing, and
angular momentum transport, for which no decisive observational constraints are available.
In addition, massive supergiant stars undergo mass loss via line-driven winds, and their
rates are far from being firmly established, adding even more uncertainties to the evolution
of these stars.

BSGs comprise extreme transition phases, in which the stars shed huge amounts
of material into their environments. During the evolution of massive stars, those stars
with masses between 20 and 40 M� evolve back to the blue supergiant state after a Red
Supergiant (RSG) state, either as a Blue Supergiant (BSG) or in a follow-up Wolf-Rayet
phase. On the other hand, massive stars with <20 M� may experience “blue loops”, where
the star changes from a cool star to a hotter one before cooling again. Therefore, hot BSGs
can be found at the pre-RSG stage, burning only H in a shell or at the post-RSG during
the He-core burning. The exact reason why some massive stars experience “blue loops”
and others do not still remains unknown, although it is known that extra mixing processes
within the layers surrounding their convective core, along with mass-loss events during
their evolution, play an essential role [6–8].

In addition, BSGs can show an extremely rich spectrum of stellar oscillations. Since
these oscillations depend on the internal structure of the star, their analysis paves the way
to understanding phenomena such as the occurrence of “blue loops” or the discernment
between the different evolutionary stages in which blue supergiant stars can exist. The
observed oscillation modes in B supergiants are driven by different excitation mechanisms,
such as the classical κ mechanism, stochastic wave generation caused by the presence of
convective layers in the outer regions of the star or in their envelope, and tidal excitation
causing the so-called Rossby modes and strange modes. Strange modes are nonlinear insta-
bilities that require a luminosity over a mass ratio of L?/M? > 104L�/M� to be excited [9].
Their existence has been related to the variable mass loss these stars experience [10–12].

Recent studies on stellar oscillations of individual BSGs [10,12,13] improved our
understanding of the complex variability shown by these stars. Furthermore, considerable
progress has been made in theoretical studies on the stellar oscillations of massive stars
at different evolutionary stages focusing on specific mass ranges. For example, ref. [14]
investigated stellar oscillations in stars at pre- and post-RSG stages for masses between 13
and 18 solar masses for different physical parameters such as metallicity and overshooting.
In [15], a thorough study of stellar oscillations is presented for a broader range of masses,
revealing that the pulsation properties in pre- and post-RSG evolutionary phases are
fundamentally different: stars in the post-RSG stage pulsate in many more modes, including
radial strange modes, than their less evolved counterparts, although these authors did not
inspect the effect of different wind efficiency on the stability of the modes.

Despite the efforts accumulated over years in the study of the stellar pulsations of
these objects in different evolutionary stages, the correct identification of the evolutionary
stage of BSGs additionally requires a detailed analysis of spectral observations due to
the large uncertainties these stars have in astrophysics parameters such as the mass and
the radii.

Therefore, we started a comprehensive study of these objects with the aim of gaining
insights into the evolutionary state of BSG stars. Combining information about the pulsation
behavior extracted from photometric lightcurves with newly determined stellar parameters
and precise chemical abundances obtained from the modeling of acquired spectroscopic
data, we strive to find clear evidence for either a pre- or a post-RSG state of the objects. The
current paper presents our methodology and first results on a small sample of objects.

This paper is organized as follows: in Section 2, we summarize the main parameters
for these stars found in the literature; Section 3 describes the spectroscopic and photometric
observations employed in this work. In Section 4, we present the analysis of the light curves
and the frequency spectra. Section 5 is devoted to the spectral analysis of the selected objects.
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We describe the numerical tools employed, including brand new capabilities implemented
in XTGRID [16] for this work and the results obtained. Finally, Sections 6 and 7 are devoted
to the discussion and conclusions.

2. Target Selection and Parameters Values from Literature

Haucke et al. [11] presented the most recent comprehensive analysis of the wind
properties of 19 pulsating BSGs. We focus on three objects from their sample, for which we
have obtained new spectroscopic observations. These are the stars HD 42087 (PU Gem),
HD 52089 (ε CMa), and HD 58350 (η CMa). Table 1 summarizes the values for these stars
derived by Haucke et al. [11]. They serve as reference (or starting) values for our analysis.
In Figure 1, we show the position of the selected stars in an HR diagram for the parameters
in Table 1. We notice that these hot BSG stars could be either at the immediate post-Main
Sequence or at the post-Red Supergiant stage.

The three selected objects have been studied extensively in the literature, and a compila-
tion of literature values for their stellar and wind parameters can be found in Haucke et al. [11].
Here, we present a brief overview highlighting a variety of stellar and wind parameters.

2.1. HD 42087

Searle et al. [17] derived the following parameters for this star using spectra from Oc-
tober 1990: Teff = 18,000 ± 1000 K , log g = 2.5, log(L?/L�) = 5.11 ± 0.24, R? = 36.6 R�, and
v sin i = 71 km s−1. They employed CMFGEN complemented with TLUSTY to derive Teff
and log(L?/L�), log g, along with the CNO abundances, which were
ε(C) = 7.76, ε(N) = 8.11, and ε(C) = 8.80. For the wind parameters, they obtained
Ṁ = 5.0× 10−7 M� yr−1, β = 1.2, and v∞ = 650 km s−1. Morel et al. [18] showed that
HD 42087 has a high Hα variability with a spectral variability index (as defined by these
authors) of ∼91% in this line (see Section 4 of [18]), evidencing a cyclic behaviour with P
∼25 d. We also mention that the values derived for this object in Haucke et al. [11] were
obtained with TLUSTY using an optical spectrum covering only the Hα region. These
spectra from 2006 showed a P Cygni feature with a weak emission and a strong absorption
component.

2.2. HD 52089

In Morel et al. [19], this star was studied as a slowly rotating B-type dwarf star.
They derived Teff = 23,000 K and log g = 3.30 ± 0.15 using spectroscopic data from April
2005. By using the DETAIL/SURFACE code, they determined the non-LTE abundances
ε(C) = 8.09 ± 0.12, ε(N) = 7.93± 0.24, and ε(O) = 8.44± 0.18. Fossati et al. [20] derived an
effective temperature and surface gravity of Teff = 22 500 ± 300 K and
log g = 3.40 ± 0.08. They also obtained updated values for the surface abundances by
analyzing a FEROS spectra from 2011 and found ε(C) = 8.30 ± 0.07, ε(N) = 8.16 ± 0.07 and
ε(O) = 8.70 ± 0.12. Additionally, they estimated a 12.5 M� for this object.

2.3. HD 58350

Lefever et al. [21] derived Teff = 13,500 K, log g = 1.75, R? = 65 R�, log(L?/L�) =
5.10, v∞ = 250 km s−1, Ṁ = 1.4× 10−7 M� yr−1 and β = 2.5 for the stellar and wind
parameters of this star. In Searle et al. [17], they derived Teff = 15,000 ± 500 K, log g = 2.13,
R? = 57.3 ± 2.64 R�, and log(L?/L�) = 5.18 ± 0.17. For the CNO abundances, they ob-
tained ε(C) = 7.78, ε(N) = 8.29, and ε(O) = 8.75.
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Figure 1. Our three BSG stars in the HR diagram according to the values derived in [11]. The
evolutionary tracks are taken from [22].

Table 1. Stellar and wind parameters derived by Haucke et al. [11] for our star sample.

Parameter HD 42087 HD 52089 HD 58350

Teff [K] 16,500 ± 1000 23,000 ± 1000 15,500 ± 700
log g [cgs] 2.45 ± 0.10 3.00 ± 0.10 2.00 ± 0.10
log L? [L�] 5.31 ± 0.43 4.49 ± 0.05 5.18 ± 0.32
R? [R�] 55 11 54
v sin i [km s−1] 80 10 40

Ṁ [M� yr−1] (5.7 ± 0.5) × 10−7 (2.0 ± 0.6) × 10−8 (1.4 ± 0.2) × 10−7

v∞ [km s−1] 700 ± 70 900 ± 270 200 ± 30
β 2.0 1.0 3.0

3. Observations

With the aim of shedding light on the evolutionary state of these objects, we analyze
new spectroscopic observations and combine these results with information extracted from
their photometric light curves.

3.1. Spectra

The spectra we employed in this work to derive new parameters were taken on
23 and 24 January 2020 for HD 42087 and HD 58350, respectively, and 14 February 2015 for
HD 52089. All of them cover the wavelength range from 4275 Å up to 6800 Å with a signal-
to-noise ratio S/N of 140, 140, and 130 for HD 42087, HD 52089, and HD 58350, respectively.

We utilized the REOSC spectrograph attached to the Jorge Sahade 2.15 m telescope
at the Complejo Astronómico El Leoncito (CASLEO), San Juan, Argentina. The resolving
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power at 4500 Å and 6500 Å is R∼12,600 and R∼13,900, respectively. The spectra were
reduced and normalized following standard procedures using IRAF1 routines.

In order to show the Hα variability in our targets, we have collected previous ob-
servations in CASLEO, depicted in Figures 2–4; from 15 January 2006 for HD 42087;
5 February 2013 for HD 52089; and 15 January 2006 and 5 February 2013 for HD 58350.
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Figure 2. Evolution of the Hα line profile of HD 42087 between 2006 and 2020. The emission
component weakened by 2020.
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Figure 3. Evolution of the Hα line profile of HD 52089 between 2013 and 2015.
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Figure 4. Evolution of the Hα line profile of HD 58350 between 2006 and 2020. The emission
component has strengthened between 2006 and 2013 and became noticeably weaker by 2020.

3.2. Photometric Light Curves

We complemented the optical spectra with space photometry collected with the Tran-
siting Exoplanet Survey Satellite (TESS) mission [23,24]. We retrieved a high cadence (120 s)
PDCSAP light curve for each object using Astroquery [25] and cleaned the light curves
using the Lightkurve package [26]. For this, we first selected only the data points with a
quality flag equal to 0, meaning they are not cosmic rays or data from bad pixels. Next,
we carried out sigma clipping to remove outliers, using a value of 6σ for all light curves,
following a similar procedure as in Garcia et al. [27]. The resulting light curves were
transformed to display the variation of the magnitude (∆m) from the mean magnitude:

∆m = −2.5log(pdcsap_flux) + 2.5log(pdcsap_flux); (1)

where pdcsap_flux is the individual flux at each exposure and pdcsap_flux is the mean flux
of the entire light curve. In this way, we obtain a normalized light curve, whose amplitude
can be expressed in units of mag. The time axis is in units of Barycentric Julian Date,
which is the Julian Date corrected for differences in the earth’s position with respect to the
barycenter of the solar system.

4. Frequency Analysis

We employed the Fourier Transform with Period04 [28]. For each star and sector,
the frequencies were searched in the interval [0;50] d−1, widely covering their frequency
content. No frequency beyond 2 d−1 was found for any star. The amplitude and phase were
calculated using a least square sine fit for each detected frequency. After obtaining the first
frequency, the analysis was performed on the residuals. The Fourier analysis was stopped
after obtaining 15 frequencies. Once we derived the frequencies following this procedure,
we dismissed those frequencies below 0.1 d−1 since TESS data of a single sector do not
allow us to derive periods higher than ∼10 d. Additionally, we discard those frequencies
with a separation of less than 2/T, where 1/T is the Rayleigh resolution and T is the time
span of the observations. The S/N ratio was computed for the derived frequencies along
with the uncoupled uncertainties in the frequencies and amplitudes using a Monte Carlo
simulation.
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When available, we also analyzed the frequency content of the combined, consecutive
sectors, since the longer time baseline would facilitate the detection of longer periods from
radial modes possibly connected to strange modes. We considered the values recommended
in Baran and Koen [29] for the S/N when dealing with individual TESS sectors and
combined sectors, which resulted in 5.037 for our individual TESS sectors, and of 5.124 and
5.194 for the combined sectors of HD 52089 (2 sectors combined) and HD 42087 (3 sectors
combined), respectively. Nevertheless, we took into account frequencies with lower S/N
whenever they turned out to be interesting for the analysis (see below).

Finally, when comparing frequencies from different sectors, we adopted the separation
criterion for the combined sectors.

Next, we provide the details of the light curves and the frequencies extracted for
each star.

4.1. HD 42087

This star was observed in 3 consecutive sectors: Sector 43, in the period from 16
September to 10 October 2021; Sector 44, from 10 October to 6 November 2021; and Sector
45, from 6 November to 2 December 2021, covering an observation time span of 24.287
days, 24.156 days and 24.551 days, respectively. The light curve and the amplitude spectra
for the individual sectors and all sectors combined are displayed in Figure 5.

2480 2490 2500 2510 2520 2530 2540 2550
Time - 2,457,000 [BTJD days]

0.02

0.01

0.00

0.01

0.02

 m
ag

Sector 43 Sector 44 Sector 45

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Frequency [c

d ]
0

5
f1 3fr 5fr4fr f2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Frequency [c

d ]
0

5

Am
pl

itu
de

 [m
m

ag
]

3frf1 f3

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.10

5
3fr2fr 5fr

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Frequency [d 1]

0

5
3frf1 f4f5 5fr2f12fr 4frfr

Sector 43

Sector 44

Sector 45

All Sectors

Figure 5. Top panel: Light curve of HD 42087 corresponding to Sectors 43, 44, and 45. Lower panels:
Amplitude spectra for each sector and all sectors combined.

The frequencies derived for sectors 43, 44, and 45 are listed in Table 2 and the threshold
considered for the frequency separation is 0.0823 d−1, 0.0828 d−1 and 0.0815 d−1, respec-
tively. For the analysis of all sectors combined, the time span is T = 72.994 d; therefore,
the separation criterion we employed is 2/T = 0.0274 d−1. We adopted this value as a
conservative threshold when comparing frequencies from different sectors.
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Table 2. List of frequencies, their amplitudes, and S/N ratios, found for HD 42087.

Sector Frequency 3σ f Amplitude 3σA S/N Id
[d−1] [d−1] [mmag] [mmag]

0.15543 0.00044 7.7615 0.15 10.65 f1
0.25729 0.00063 5.7467 0.14 8.41 3× fr

43 0.47759 0.00064 4.7663 0.13 7.79 5× fr
0.37169 0.00090 3.5347 0.13 5.45 4× fr
0.70257 0.00037 2.9734 0.14 5.41 f2

0.26268 0.00068 5.5317 0.16 7.68 3× fr
44 0.15072 0.00082 5.2203 0.17 6.75 f1

0.43536 0.00090 4.9832 0.19 7.45 f3

0.27928 0.00009 9.2074 0.10 10.65 3× fr
45 0.18110 0.00059 5.0188 0.13 5.57 2× fr

0.47295 0.00159 4.0068 0.21 5.07 5× fr

0.28022 0.00019 4.4715 0.12 8.48 3× fr
0.16305 0.00021 3.9728 0.11 7.05 f1
0.49515 0.00022 3.4982 0.11 7.44 f4
0.23874 0.00027 3.2680 0.11 6.04 f5

All 0.44102 0.00023 3.2321 0.10 6.67 5× fr
0.33531 0.00030 2.9450 0.11 5.74 2× f1
0.19899 0.00029 2.8086 0.10 5.07 2× fr
0.37073 0.00033 2.6635 0.10 5.29 4× fr
0.09321 0.00032 2.4597 0.12 4.20 fr

The pulsational content of HD 42087 lies at low frequencies below 0.8 d−1 and the
amplitudes are between 2.5 and 9.5 mmag, approximately. When analyzing the combined
sectors, we also searched for frequencies down to 0.025 d−1 due to the extended length of
the observations. This allowed us to find the frequency fr and its five harmonics. Some of
these harmonics appear in the individual sectors. Due to the short time span for individual
sectors, frequencies below ∼0.1 d−1 are not reliable; nevertheless, fr seems to appear for
sectors 43 and 44 (indicated with green lines in Figure 5). Besides fr and its harmonics, five
frequencies appear randomly over the four sets of observations, which are likely related to
stochastic oscillations (see Section 6).

4.2. HD 52089

This star was observed in 4 TESS sectors: Sector 6, in the period from 15 December
2018 to 6 January 2019; Sector 7, in the period from 8 January to 1 February 2019; Sector 33
from 18 December 2020 to 13 January 2021; and Sector 34 in the period from 13 January to 8
February 2021. The total time spans for Sectors 6, 7, 33, and 34 are 21.771 d, 24.454 d, 25.839
d, and 24.962 d, respectively. Figure 6 displays the light curves and amplitude spectra for
Sectors 6 and 7, and Figure 7 displays the same information for Sectors 33 and 34. Due to
the large time gap between sectors 7 and 33, we decided to evaluate the sectors in pairs; i.e.,
together with the analysis of sectors 6 and 7, we studied the frequencies of these sectors
combined, and the same with sectors 33 and 34. For the combined sectors 6 and 7, the time
span is 46.225 d, and for sectors 33 and 34 together, the time span is 50.801 d.
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Figure 6. Top panel: Light curve of HD 52089 corresponding to Sectors 6 and 7. Lower panels:
Amplitude spectra for each sector and all sectors combined.
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Figure 7. Top panel: Light curve of HD 52089 corresponding to Sectors 33 and 34. Lower panels:
Amplitude spectra for each sector and all sectors combined.

The derived frequencies, their amplitudes and identifications are listed in Table 3. The
separation criteria we employed are 0.0918 d−1, 0.0817 d−1, 0.0774 d−1, and 0.0801 d−1 for
sectors 6, 7, 33, and 34, respectively. For sectors 6 and 7 combined and 33 and 34 combined
the separation criteria are 0.0432 d−1 and 0.0393 d−1, respectively and the lowest detectable
frequency for the sectors combined is ∼0.04 d−1. We adopted conservative separation
criteria with 0.0393 d−1 to compare frequencies from different sectors. We find only one
significant frequency, f1, in Sector 6, which is also in Sector 7. In Sector 7, we found another
frequency, f2, which stays present also in Sector 33, and its harmonic, which appears in
Sector 34. We searched for lower frequencies in both combined light curves, but we did not
find any. After the gap of ∼2 years in the observations, new frequencies appear randomly
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in the new Sectors, which indicates they are not related to stellar oscillations due to their
short lifetime ( f3, f5, f6). We note that f2− f3 ∼ f4− f2 in Sector 33, indicating the presence
of a triplet centred in f2 with a possible rotation frequency of 0.20 d−1. Nevertheless, the
observations’ short time span makes precise classification difficult. We did not find any
significant frequency at lower ranges in the combined sectors.

Table 3. Sector, Frequency, Amplitude, and Identification for HD 52089.

Sector Frequency 3σ f Amplitude 3σA S/N Id
[d−1] [d−1] [mmag] [mmag]

6 0.24083 0.00115 0.7830 0.05 6.15 f1

0.24316 0.01540 0.8982 0.47 6.14 f1
7 0.38381 0.00192 0.7286 0.05 5.15 f2

0.77252 0.00051 0.5888 0.02 4.37 2× f2

0.23321 0.00072 0.7736 0.07 7.28 f1
6 & 7 0.38342 0.02775 0.4930 0.17 4.79 f2

0.77679 0.00073 0.4769 0.04 4.83 2× f2

0.16358 0.00070 0.7716 0.02 6.868 f3
33 0.36366 0.00089 0.5784 0.02 5.42 f2

0.56843 0.00089 0.5083 0.02 4.72 f4

0.42781 0.00107 0.7556 0.03 4.98 f5
34 0.52280 0.00128 0.7113 0.03 4.74 3× f3

0.76818 0.00127 0.7038 0.03 4.75 2× f2
0.29483 0.00147 0.6389 0.03 4.35 f6

0.29937 0.00167 0.6627 0.12 5.01 f6
33 & 34 0.36220 0.00331 0.5806 0.34 4.39 f2

0.50772 0.00158 0.4714 0.09 4.09 3× f3

4.3. HD 58350

This star has been observed in Sector 34 in the period from 14 January to 8 February
2021, covering a total timespan of T = 24.96 days. The light curve for Sector 34 is displayed
in the top panel of Figure 8, and we show the amplitude spectra in the lower panel.

2230 2235 2240 2245 2250 2255
Time - 2,457,000 [BTJD days]

0.003
0.002
0.001
0.000
0.001
0.002
0.003

 m
ag

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Frequency [d 1]

0.00

0.25

Am
p 

[m
m

ag
]

f1 f2

Sector 34

Sector 34

Figure 8. Top panel: Light curve of HD 58350 acquired during Sector 34. Lower panel: Amplitude
spectrum for the same sector.
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The resulting list of frequencies for HD 58350 is shown in Table 4. The separation
criterion is 2/T = 0.0801 d−1. The pulsational content for this BSG lies below 0.5 d−1. We
found two independent frequencies with similar amplitudes.

Table 4. Sector, Frequency, Amplitude, and Identification for HD 58350.

Sector Frequency 3σ f Amplitude 3σA S/N Id
[d−1] [d−1] [mmag] [mmag]

34 0.21533 0.00069 0.4392 0.01 8.54 f1
0.35927 0.00088 0.3339 0.01 7.07 f2

5. Modeling Tools for Spectral Analysis
5.1. The Code CMFGEN

CMFGEN [30] is one of the state-of-the-art 1-D non-LTE radiative transfer codes for
studying the physical and chemical properties of massive hot stars. It has been successfully
used for reproducing different types of observables of massive stars, such as in the case of
OB supergiants: photometry, spectroscopy, and interferometry, e.g., [17,31,32].

CMFGEN solves the radiative transfer and statistical equilibrium equations for the
photosphere and wind under the assumption of radiative equilibrium and considers a
spherically symmetric stationary wind. For the photospheric region, CMFGEN solves the
radiative transfer and hydrostatic equations (describing the state of radiation and gas in
the photosphere) in a self-consistent way. Further details on this procedure can be found in
Section 3.1 of Bouret et al. [33].

The wind velocity, v(r), and density, ρ(r), profiles are related to each other as follows,
based on the assumption of a stationary and spherical symmetric wind:

Ṁ = 4πr2ρ(r)v(r) f (r), (2)

where r is the distance from the center of the star and Ṁ is the wind mass-loss rate,
which is constant at any location of the wind. Here, the volume filling factor f (r)
parameterizes the inclusion of micro-clumping; e.g., [34], that is, inhomogeneities that
are found in the winds of massive stars, e.g., [35,36]. In CMFGEN, this parameterization
is performed as follows:

f (r) = f∞ + (1− f∞)e−
v(r)

vinitial , (3)

where f∞ is the filling factor value at r → ∞, and vinitial is the onset velocity of clumping
in the wind. Since our initial guesses in the fitting procedure (as described in Section 5.2)
for the stellar and wind parameters are based on the results from Haucke et al. [11], we set
f∞ = 1.0 in our default models. This means that our default CMFGEN models are calculated
considering a homogeneous wind.

Furthermore, the wind’s velocity profile is parameterized in CMFGEN by the so-called
β-law approximation, as follows:

v(r) = v∞

(
1− R?

r

)β

, (4)

where v∞ is the wind terminal velocity and R? is the stellar radius (r higher than R?).
For OB supergiants, values of β are usually found to be as high as ∼2.0–3.0, e.g., [37]. In
short, Equations (2) and (4) sets the relation between the most important and fundamental
physical wind parameters: the wind mass-loss rate and the terminal velocity.
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Despite its high computational cost, when compared to other non-LTE codes, such
as FASTWIND, one of the biggest advantages of CMFGEN relies on its allowance to set
a complex chemical composition, with the inclusion of energy levels of different ions
from hydrogen up to nickel. For instance, Haucke et al. [11] studied our star sample of
three BSGs employing radiative transfer models calculated with FASTWIND considering
hydrogen, helium, and silicon with an approximation for the treatment of the line transfer
of iron-group elements. In fact, the main difference between these two codes relies on
an “exact” treatment of line-blanketing that is performed by CMFGEN (e.g., see [38] and
references therein). Table 5 summarizes the atomic species, the number of energy levels,
and bound–bound transitions that are included as the default in our models. Our models
are calculated considering a robust atomic model for studying massive hot stars, including
species of hydrogen, helium, carbon, nitrogen, oxygen, neon, magnesium, silicon, sulfur,
iron, and nickel.

Finally, due to the complexity of the code and its computational cost, a very common
approach when using CMFGEN is to vary its parameters manually in order to find an
acceptable “by eye” fit to the observations, e.g., [32,39–42]. However, in this paper, we
implement an automatic fitting procedure with CMFGEN to find the best-fit models for the
observed spectrum of each star, as described below.

5.2. Spectral Analysis with XTgrid

XTGRID [16] is a steepest-descent iterative χ2 minimizing fit procedure to model hot
star spectra. The procedure was developed for the model atmosphere code TLUSTY [43–45]
and was previously applied to ultraviolet and optical spectral observations of O and B-type
stars [10], Horizontal Branch stars [46], hot subdwarfs [47–49], and white dwarfs [50,51]. It
was designed to perform fully automated or supervised spectral analyses of massive data
sets. The procedure starts with an input model; by applying successive approximations
along a decreasing global χ2, it iteratively converges on the best solution. All models are
calculated on the fly, which is the main advantage of the procedure. XTGRID does not require
a precalculated grid; with its tailor-made models—although at a high computational cost—it
is able to address nonlinearities in a multidimensional parameter space. After the fitting
procedure has converged for a relative change less than 0.5%, parameter errors are evaluated
in one dimension, changing each parameter until the χ2 variation corresponds to the 60%
confidence limit. Parameter correlations are evaluated only for the effective temperature and
surface gravity. If the procedure finds a better solution during error calculations, it returns to
the descent part using the previous solution as the initial model.

Instead of using TLUSTY (plane-parallel model, no wind), we used CMFGEN, since these
stars have non-negligible stellar winds with mass-loss rates in the order of 10−8–10−7 M� yr−1.
Using TLUSTY, instead of CMFGEN, would prevent us to address the wind variability and
perform homogeneous modeling for BSGs. In addition, beyond the short-term photometric
variability that is typical for pulsating stars and discussed in Section 4, gradual spectral variations
may occur due to inhomogeneities in the wind density structure. These, together, require
re-evaluating the surface and wind parameters for each observation. Therefore, we decided
to proceed with CMFGEN models and start out from the results of Haucke et al. [11]. We
updated XTGRID to apply CMFGEN and minimize the wind properties along with stellar surface
parameters. Then, we performed a new analysis of the most recent CASLEO spectra to measure
the CNO abundances in each of the three stars.

The focus of our analysis was on the CNO abundances. Therefore, we kept the
abundances of all elements heavier than O at their solar values [52], and we adopted He
abundances nHe/nH = 0.2, based on the analysis of Searle et al. [17]. To maintain an
approximate consistency with the results of Haucke et al. [11], we kept the stellar radii
and turbulent velocity fixed at the values determined in the previous analysis (see Table 1),
and we applied unclumped wind models. Adopting clumping in our models resulted in
different mass-loss rates. We neglected macroturbulence in the current analysis because it
shows a degeneracy with the projected rotation at low spectral resolutions. We note that
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our goal was to measure the CNO abundances and not to make a comparison with the
analysis of Haucke et al. [11]. Our method is not suitable for such a comparison; as we
used different model atmosphere codes, our observations were taken at different epochs
and we used a different fitting procedure.

Table 5. Summary on the atoms and ionization states of our default CMFGEN models, including
number of energy levels, super-levels, and bound–bound transitions for each atomic species.

Ion Full-Levels Super-Levels b-b Transitions

H I 30 30 435
He I 69 69 905
He II 30 30 435
C II 322 92 7742
C III 243 99 5528
C IV 64 64 1446
N II 105 59 898
N III 287 57 6223
N IV 70 44 440
N V 49 41 519
O II 274 155 5880
O III 104 36 761
O IV 64 30 359
O V 56 32 314
Ne II 48 14 328
Ne III 71 23 460
Ne IV 52 17 315
Mg II 44 36 348
Si II 53 27 278
Si III 90 51 640
Si IV 66 66 1090
S III 78 39 520
S IV 108 40 958
S V 144 37 1673
Fe II 295 24 2135
Fe III 607 65 6670
Fe IV 1000 100 37,899
Fe V 1000 139 37,737
Fe VI 1000 59 36,431
Ni II 158 27 1668
Ni III 150 24 1345
Ni IV 200 36 2337
Ni V 183 46 1524
Ni VI 182 40 1895

Finally, our best-fit CMFGEN models to the CASLEO spectra of HD 42087, HD 52089,
and HD 58350, are shown, respectively, in Figures 9–11, and the derived parameters are
listed in Table 6. The luminosity and mass in this table were derived using L? = 4πR2

?σT4
eff

and g = GM?/R?
2.

46



Galaxies 2023, 11, 93

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2

 4350  4400  4450  4500  4550  4600  4650  4700

He I (4471)Hγ

Mg II (4481)

Si III (4552)He I (4388)

N
or

m
al

iz
ed

 f
lu

x

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2

 4840  4860  4880  4900  4920  4940  4960  4980  5000  5020

He I (4921)Hβ

N II (5001)

He I (5015)

N
or

m
al

iz
ed

 f
lu

x

HD42087 observation

XTGRID/CMFGEN model

Residual +1.1

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2

 5870  5875  5880  5885  5890

He I (5876)

N
or

m
al

iz
ed

 f
lu

x

Wavelength, Å

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2

 6550  6560  6570  6580  6590  6600

Hα C II (6578)

C II (6582)

Wavelength, Å

Figure 9. Best-fit XTGRID/CMFGEN model for HD 42087. In each panel, the CASLEO observation
is in grey, the CMFGEN model in black, and the residuals, shifted by +1.1 for clarity, are in red.
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Figure 10. Best-fit XTGRID/CMFGEN model for HD 52089. In each panel, the CASLEO observation
is in grey, the CMFGEN model in black, and the residuals, shifted by +1.1 for clarity, are in red.
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Figure 11. Best-fit XTGRID/CMFGEN model for HD 58350. In each panel, the CASLEO observation
is in grey, the CMFGEN model in black, and the residuals, shifted by +1.1 for clarity, are in red.

Table 6. Summary of the spectroscopic results from unclumped CMFGEN models using the XTGRID

fitting procedure. Abundances are reported on the 12 scale: ε = log Nx/NH + 12. Fixed parameters
are marked with an “x” prefix. Metals not listed here were included at their solar metallicity from
[52].

Parameter HD 42087 HD 52089 HD 58350

Teff (K) 18, 400+1000
− 200 23, 800+3900

−1400 15, 800+100
−400

log g (cms−2) 2.34+0.01
−0.17 3.40+0.01

−0.60 1.95+0.02
−0.03

v sin i (kms−1) 73.4 ± 8.0 38.4 ± 5.0 51.5 ± 5.0
vturb (kms−1) x10 x10 x12
Ṁ (M� yr−1) (2.3± 1.0)× 10−7 (1.9 ± 0.2) × 10−8 (6.2 ± 2.0) × 10−8

v∞ (kms−1) x700 x900 x230
β x2 x1 x3
L? (L�) 312, 700+74000

−13000 35, 000+29200
−7500 163, 800+4200

−15900
M? (M�) 24.3 11.1 9.5
R? (R�) x55 x11 x54
log L?/M? 4.1 3.5 4.2
Mean atomic 1.4490 1.5097 1.5095
mass (a.m.u.)

Distance (pc) 2470+420
−290 124±2 608+148

−148
E(B−V) (mag) 0.4 0.005 0.03

Element ε mass fr. ε mass fr. ε mass fr.

Hydrogen 12 5.89 × 10−1 12 5.52 × 10−1 12 5.52 × 10−1

Helium x11.23 ± 0.10 4.01 × 10−1 x11.30 ± 0.17 4.41 × 10−1 x11.31 ± 0.12 4.41 × 10−1

Carbon 8.31 ± 0.08 1.37 × 10−3 8.19 ± 0.15 1.04 × 10−3 8.07 ± 0.08 7.75 × 10−4

Nitrogen 8.12 ± 0.06 1.09 × 10−3 7.97 ± 0.06 7.25 × 10−4 8.21 ± 0.12 1.25 × 10−3

Oxygen 8.60 ± 0.08 3.75 × 10−3 8.30 ± 0.13 1.78 × 10−3 8.19 ± 0.09 1.38 × 10−3

[N/C] [N/O] [N/C] [N/O] [N/C] [N/O]
Abundance ratios 0.41 0.38 0.38 0.53 0.74 0.88
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6. Discussion

We used the evolutionary sequences from Ekström et al. [22] to explore the evolution-
ary stage of our star sample. The main physical ingredients of these sequences relevant
to our analysis include initial abundances of H, He, and metals set to X = 0.720,Y = 0.266,
and Z = 0.014 with chemical initial abundances of C = 2.283× 10−3, N = 6.588× 10−4, and
O = 5.718× 10−3, in the mass fraction. We considered evolutionary tracks with differential
rotation at two different rates: Ω/Ωcrit = 0.568 and Ω/Ωcrit = 0.4, employing for the latter
an interpolation of the models with Ω/Ωcrit = 0.568 and 0, provided in Ekström et al. [22].
The mass-loss recipes employed in these sequences are those of Vink et al. [53] for initial
masses above 7 M�. For initial masses above 15 M� and log(Teff) > 3.7, de Jager et al. [54],
the recipe was adopted and the correction factor for the radiative mass-loss rate from
Maeder and Meynet [55] was implemented in these rotating models (see Equation (10)
from Ekström et al. [22]). Detailed descriptions on the microphysics and mass-loss recipes
employed in these evolutionary sequencies can be found in Ekström et al. [22] and Yusof
et al. [4]. Our selected stars with the derived Teff, log L? and mass, along with the evolu-
tionary tracks, are depicted in Figure 12. The errors in this Figure correspond to an error of
10% in the radii [11], which in turn result in a 21% error in the mass and luminosity.
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Figure 12. Left panels: HR diagram (top) and mass evolution (bottom) showing the position of
HD 42087 and evolutionary tracks with initial masses of 24, 26, and 28 M�. Middle panels: The same
as in the left panels for HD 52087 and initial masses of 10, 12, and 14 M�. Right panels: the same as
before for HD 58350 and initial masses of 20 and 22 M�. Solid and dashed lines represent models
with Ω/Ωcrit = 0.568 from [22] and the interpolated ones for Ω/Ωcrit = 0.4, respectively.
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Below, we discuss our results for each star in terms of their location in the HR diagram,
their oscillations, and the mass-loss rate found; next, we compare our results on their
surface abundances with previous studies.

6.1. HD 42087

In the left panel of Figure 12, we show the new position of HD 42087 in an HR
diagram along with evolutionary tracks corresponding to initial masses of 24, 26, and
28 M�. Continuous and dashed lines indicate rotation velocities of Ω/Ωcrit = 0.568 and
Ω/Ωcrit = 0.4, respectively. In the lower panels, we include a diagram showing the total
mass evolution. The derived values for Teff and log(L?/L�) suggest an initial mass of
∼26 M�; our value obtained for the current mass indicates that this star is at the pre-RSG
stage, which is in agreement with the mass evolution diagram for stars with the mentioned
initial mass.

Our analysis for this object resulted in a higher Teff and lower log g than those from
Searle et al. [17] and Haucke et al. [11]. We emphasize that Haucke et al. [11] did not have
the Si lines covered by their spectra; in principle, our new values would be more reliable.
Additionally, with our values, HD 42087 lies in the linear relation (log Teff − log g) found in
Searle et al. [17] for Galactic BSGs (their Figure 6). In Figure 13, we show the theoretical SED
using the D = 2470+420

−289 pc Gaia EDR3 distance and E(B−V) = 0.4 mag extinction adopted
from the STILISM maps [56], along with the binned IUE spectrum in black. Our procedure
uses the fit formula from Cardelli et al. [57] based on the extinction data from Fitzpatrick
and Massa [58,59] with Rv = 3.1. The theoretical SED fits the photometric measurements,
including the IUE spectrum, and the resulting SED and CMFGEN model masses agree
within error bars , with 22.5 M� being the mass derived from the SED. However, we were
unable to match the Hα and Hβ profiles with our homogeneous wind models. Considering
the reported line variability and asymmetries by Morel et al. [18], which is also obvious
from Figure 2, we conclude that our steady and smooth wind model is inadequate for the
2020 CASLEO spectrum of HD 42087.

Figure 13. SED of HD 42087. All data points were taken from the VizieR Photometry Viewer service.
The photometric data were de-reddened using E(B−V) = 0.4 mag. The green points were used to
match the slope of the passband convolved CMFGEN fluxes to the observations, and the model was
normalized to the observed SED in the 2MASS/J band. The binned IUE spectrum is included with
black dots.

Nevertheless, we were able to derive a mass-loss rate of Ṁ = 2.3× 10−7 M� yr−1

for this star with our procedure. This value is close to the value found by Haucke et al.
[11] of Ṁ = 5.7× 10−7 M� yr−1, being lower by a factor of ∼2.6. From looking at their
observed Hα line profile (taken in 2006, Figure 2), we see a stronger emission component in
Hα compared to our data (2020). This is in line with a higher mass-loss rate (in 2006) as
found by these authors.

50



Galaxies 2023, 11, 93

The frequency analysis performed for HD 42087 shows three frequencies, f1, f2, and f3,
which appear randomly over the three sectors, with two more detectable in the long time
span of the three consecutive sectors ( f4 and f5). The short lifetime for these variations pre-
vents us from associating them with stellar pulsations but rather with stochastic variations
at the stellar surface [60]. Additionally, the analysis over the combined sectors allowed us
to find one stable frequency, fr, possibly associated with stellar pulsations. The nature of
this mode is not certain. Its frequency lies in the usual range ([10, 100] d) of strange modes
that are known to facilitate the mass loss in massive stars [12]. These modes can be radial
and non-radial [61], and they appear trapped in the strongly inflated envelopes of highly
non-adiabatic stars, usually with log L?/M? > 4. The low amplitude of fr and the new
value found for log L?/M? = 4.1 indicate that this can be a non-radial strange mode. If true,
it would explain the high variability in the wind lines (Figure 2) and why the spectrum can
not be modelled with a smooth wind approach. Nevertheless, the only way to determine
whether this mode facilitates the mass loss in HD 42087 is to perform a nonlinear stability
analysis and to check whether the mode velocity on the surface can exceed the stellar escape
velocity. We did not detect any frequency corresponding to the ∼25 d period observed for
the variability in the Hα line. We stress here that the detection of any periodicity from the
Hα profile in the light curves is unlikely to be observed. Any perturbation on the stellar
surface produced in the large wind volume where the Hα line is formed may lead to new
perturbations (for example, due to densities and inhomogeneities in the wind), making its
detection difficult. Furthermore, the Hα profile, in most cases, is composed of absorption
and emission components simultaneously, also hindering its detection. However, as shown
in Krtička and Feldmeier [60], wind variations can cause stochastic light variations if the
base perturbations are sufficiently large. The lack of multiple independent frequencies
identified as stellar pulsations modes in this object would indicate that this star belongs
to the pre-RSG stage, considering that massive post-RSGs have in general more excited
modes than pre-RSGs, as shown in Saio et al. [15]. This is in agreement with our values for
Teff, log g, M? (Figure 12).

6.2. HD 52089

The new position of HD 52089 in the HR diagram, along with evolutionary tracks for
initial masses 10, 12, and 14 M� and Ω/Ωcrit = 0.568 and 0.4 (continuous and dashed lines,
respectively), are depicted in Figure 12. The HR diagram suggests initial masses between
12 and 14 M� at the TAMS in agreement with our derived value for the current mass
(∼11M�) in this stage, considering the adopted errors in the mass. However, we cannot
dismiss a merger scenario for this object that would explain the measured luminosity,
which is slightly high considering an 11 M� object at the TAMS.Such an event can lead
to rejuvenation and an excess in the luminosity of the merger remnant due to the energy
injection from the secondary star during the merging of the two components. The merger
product might hence appear as if it would have a significantly higher mass. The best known
such case is the B[e] supergiant star R4 in the Small Magellanic Cloud [62,63]. If true, then
HD 52089 would be a highly important object to study merger remnants, and it would be
interesting to search for possible remnants of ejecta from the past merger event.

Additionally, this star showed an inconsistency in the Teff − log g distribution of [11],
with a higher log g for its temperature than other stars in their sample. Our new fit to the
2015 CASLEO spectrum confirmed the earlier results and shows a discrepancy among the
stellar mass, luminosity, and surface gravity, given its high effective temperature. With its
close distance of D = 124± 2 pc and moderate interstellar extinction of E(B−V) = 0.005
mag, adopted from [64] and STILISM, respectively, we find that its spectroscopic mass is in
good agreement with the mass derived from the SED (9.8 M�) depicted in Figure 14. We
also notice the model from the optical fit matches the slope of the binned IUE spectrum,
but there is an offset, possibly due to the low metallicity found for this object.
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Figure 14. SED of HD 52089. Same as Figure 13, but de-reddening was conducted using
E(B−V)= 0.005 mag.

The frequency analysis for HD 52089 over the 4 TESS sectors revealed one triplet
centred in f2 in Sector 33, corresponding to a rotational period of 5 d ( frot = 0.2 d−1).
The short baseline observations provided by TESS single sectors translate into high Ray-
light frequency separation, preventing making precise mode identification for short-term
variabilities. In the case of f3, f2, and f4 being members of a triplet, f2 would be an
` = 1 nonradial mode [15]. In this case, the star would have a surface rotation velocity of
∼110 km s−1, considering the radius and rotation period derived for this object. Moreover,
with the value of v sin i obtained from our analysis, we can derive the inclination of the
star, which would be the ∼20 degree. Besides the triplet, we found f2 in Sectors 7 and 33,
and signatures of this mode in Sectors 6 and 34 with very low amplitude (not included
in Table 3) along with its harmonic supporting the hypothesis of f2 being a non-radial
mode due to its apparently extended lifetime. As in the case of HD 42087, we found
low-frequency signals ( f1, f5, and f6) randomly excited over the observed sectors, which
are probably related to convective variabilities stochastically excited at the stellar surface.
These observations confirm the results of [65].

Our determination of Ṁ for HD 52089, Ṁ = 1.9× 10−8 M� yr−1 agrees very well with
the one reported by Haucke et al. [11]: Ṁ = 2.0× 10−8 M�. From comparing our observed
Hα line profile of this star, we do not find any significant morphological difference between
the observed spectrum shown in Haucke et al. [11] and our data: a pure absorption Hα
line profile with flux at the core of the line of ∼0.6 (normalized flux) (see Figure 3).

6.3. HD 58350

The right panel of Figure 12 shows the position of HD 58350 in the HR diagram and the
evolution of the total mass along with evolutionary tracks for 20 and 22 M� with different
rotational velocities. We found an excellent agreement between our derived values for Teff,
log(L?/L�) and its current mass for a star evolution model with initial mass ∼22 M� at
the post-RSG stage, after losing a considerable amount of mass during its evolution. We
notice as well that our derived values for the Teff and log g are in good agreement with the
linear relation found for galactic BSGs in Searle et al. [17].

The theoretical SED fits the optical photometric measurements for HD 58350
(Figure 15). We notice a slightly different slope for the IR photometric data, possibly
pointing towards a time-variable wind in data taken at different dates. Considering its
distance D = 608 ± 148 pc [11], we derived an extinction E(B−V) = 0.18 mag. We also
found a discrepancy between the stellar masses obtained from the SED modeling (∼5.5 M�)
and the best-fitting CMFGEN model (∼9.5 M�) of unclear origin. We have found different
values for the effective temperature (and extinction) in the literature (see Section 2) for this
object, ranging from 13,500 K to 16,000 K, possibly due to a combination between the use of
different methodologies to derive it and due to stellar oscillations. This hampers a reliable
comparison between our SED model and the photometric data, possibly leading to this
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mass discrepancy. Spectroscopic time-series observations analyzed homogeneously can
help to place reliable constraints on the effective temperature.

Figure 15. SED of HD 58350. Same as Figure 13, but de-reddening was conducted using E(B−V) =
0.18 mag (see main text).

For HD 58350, our derived Ṁ of 6.2 × 10−8 M� yr−1 is lower than the one
from Haucke et al. [11] by a factor of ∼2.4. This can be understood since the observed
Hα line profile reported in Haucke et al. [11] (taken in 2006 and 2013) shows a more
intense emission component in comparison with our data (very weak emission in Hα).

The frequency content for this star lies below 0.4 d−1. The only sector provided by
TESS at the current time allowed us to find two independent frequencies. We were not
able to find the frequency discovered in Lefever et al. [21], with f = 0.1507 d−1, indicating
that this mode is not an opacity-driven mode. From the analysis of one single TESS sector,
we cannot suggest that this star is a non-radial oscillator. However, the marked Hα line
profile variation (see Figure 4) suggests that these frequencies are connected to line-driven
wind instabilities [60]. The analysis in [15] demonstrated that a BSG in a post-RSG state
should undergo multiple pulsations. It is therefore unfortunate that HD 58350, which is the
best candidate in our sample for a post-RSG star, was observed only in one TESS sector.
Only with multiple, and in particular consecutive TESS observations, would it be possible
to properly analyze the frequency spectrum of this object and to confirm the theoretical
predictions of Saio et al. [15].

6.4. Surface Abundances

With the aim of framing these discrepancies with our derived values for surface
abundances, we compared our results with those from different authors and Geneva
evolutionary tracks. Figure 16 shows our measured CNO abundances for the selected stars
along with the solar abundances and the average CNO abundances derived in Searle et al.
[17] for their Galactic BSG sample.

In general, for all three stars, we found well-constrained CNO abundances, all
showing a slight depletion of C and O, and a mild overabundance of N when compared
to the solar mixture. This pattern agrees with the previously reported CNO abundance
profiles in Searle et al. [17]; however, at the same time, we found higher C and slightly
lower O abundances. We notice that some systematic differences are expected from
the analysis itself. The global spectral modeling applied in XTGRID is fundamentally
different from the methodology of Searle et al. [17], who used different diagnostic lines
for Teff, log g, and abundance determinations. Searle et al. [17] noted that their CMFGEN
models, with derived C abundances from the C II 4267 Å line, overestimated the C II

6578 and 6582 Å lines. In contrast, our C abundance analysis was based on the strongest
C features in the CASLEO observations (C II 6578 and 6582 Å lines), but the global
analysis is also sensitive to variations in all other spectral lines due to a change in the
C abundance. This difference in diagnostics is applied consistently for all surface and
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wind parameters in the XTGRID. Furthermore, Nieva and Przybilla [66] showed that
LTE analyses could result in discrepant abundances based on different carbon lines, and
the C II 4267 multiplet tends to underestimate the carbon abundance. Further possible
sources of a discrepancy may be the differences in atomic data used in the analyses
and the different fit procedures. Additionally, we note that our sample of three stars
is too small to match Searle et al. [17] population averages, and the individual objects
in our selection may show large deviations. To uncover such systematics, one needs to
process larger, homogeneously modeled datasets and multi-epoch observations, which
are beyond the scope and limitations of our current work.
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Figure 16. The measured CNO abundance patterns in all three stars compared to the solar pattern
from Asplund et al. [52]. In all three stars, C and O are depleted and N is overabundant compared to
the solar mixture. The mean CNO abundances found by Searle et al. [17] for Galactic BSGs are also
shown for reference.

At the same time, we noticed that the total amount of metals we derived (see Table 6)
correspond to subsolar metallicities, being approximately 70% Z�, 60% Z�, and 50% Z�
for HD 42087, HD 52089, and HD 58350, respectively, which is possibly due to the adopted
fixed value for nHe/nH = 0.2. We have also adopted fixed solar abundances for all metals
beyond oxygen and did not include elements that do not contribute to the opacity, such as
Ar, K, Ti, V, Mn, and Co. All these features contribute to reducing the metal mass fractions.

In Figure 17, we compare the N/C and N/O abundance ratios from different star
samples with Geneva stellar evolution models for different masses. We included the
sample of A and B supergiants studied in [17,67] and the B-type main sequence (MS) stars
analyzed in [68] as a reference, along with our three stars. Three well-defined groups can
be identified in the panels of Figure 17. B-type MS stars between 5 and 10 M� form a
clear sequence in temperature and show the lowest abundance ratios, which marks that
these stars have low N abundances relative to C and O. Below ~13,000 K, cooler A-type
supergiant stars show up as a compact group, while the hot side of the observed BSG
abundance ratios shows a much larger scatter. The larger scatter can be interpreted in
several ways. Krtička et al. [69] have shown that winds are driven mostly by C, Si, and S for
hot BSGs and iron for cooler BSGs, implying a decreasing mass-loss rate for temperatures
lower than 15,000 K. A lower mass-loss rate might operate in favor of a better determination
of N/C and N/C ratios. The observed compact group could also be a signature of the
fast post-RSG evolution through the cool BSG stage. Additionally, atmospheres of cool
supergiants usually exhibit more lines, helping to obtain precise values in their abundances.
However, it is clear that none of the measurements reach the predicted high N/C and N/O
ratios for the post-RSG domain.
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Based on the abundance ratios alone, we find that all our stars are more consistent with
a pre-RSG stage of evolution; we do not observe the predicted and very high N/C and N/O
ratios. This is in contrast with the spectroscopic mass of HD 58350, which suggests that it
is in a post-RSG stage. Saio et al. [15] showed that the N/C and N/O ratios are increased
mainly by the mass loss. However, they found N/C and N/O abundances consistent with
models at the pre-RSG stage, in contradiction with the position in the HR diagram for
Deneb and Rigel, which arrive at the same conclusion.
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Figure 17. N/C (bottom) and N/O (top) abundance ratios by number from Searle et al. [17] and
Georgy et al. [67] compared to our measurements, as well as Geneva solar metallicity (Z = 0.014),
Ω/Ωcrit = 0.4 interpolated evolutionary tracks for 5, 10, 20, 23, and 26 M�. For reference, we also
show B-type main sequence stars from Lyubimkov et al. [68].

There is a discrepancy in the abundance ratios between evolutionary model predictions
and spectroscopic measurements. The observed ratios remain significantly lower than
predictions. Much larger samples, multifaceted efforts, and homogeneous modeling will
be necessary to address this issue statistically.

Figure 18 shows the correlations between the N/O and N/C ratios, which is analogous
to the distribution found for O-type stars in Martins et al. [70]. The offset between theoretical
predictions and the measurements implies that some systematics may exist in the C and
O abundances. A systematically underestimated C or overestimated O abundance can
produce the observed offset. It is unlikely that all the methodologies used to analyze the
surface abundances in these stars are biased in the same way; therefore, the origin of the
offset remains unclear. It may be related to stellar variability as well as to atomic data
or shortcomings in the surface abundance predictions. Martins et al. [70] demonstrated
an anticorrelation between the N/C ratio and log g; the lower the gravity, the larger the
N/C ratio. Meanwhile, Saio et al. [15] concluded that recent developments in the modeling
of RSG [71] make these stars more compact for a given luminosity. The combination of
the two trends acts towards decreasing the offset with respect to the Geneva models in
Figure 18.
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Figure 18. N/C and N/O abundance ratio correlations for our sample and the same tracks as in
Figure 17. We included Searle et al. [17] and Georgy et al. [67] samples and the B-type main sequence
stars from Lyubimkov et al. [68].

7. Conclusions

This paper reports our first step towards a comprehensive study of BSG stars, taking
into account their photometric and spectroscopic variabilities.

The evolutionary tracks predict HD 42087 to be a pre-RSG star for our derived values of
log(L?/L�), Teff, and M?, in agreement with our values for the abundance ratios. HD 52089
is most likely an 11 M� star at the TAMS. However, we noticed that the derived luminosity
is slightly high for an 11 M� star, and a binary merger scenario is plausible. Finally, for
HD 58350, the evolutionary tracks for our derived values indicate that this star is at the
post-RSG. However, the derived surface abundance ratios are compatible with those at the
pre-RSG stage, finding the same discrepancies mentioned in Saio et al. [15] for Deneb and
Rigel. The rather short sectoral observing windows of TESS are insufficient to cover the
low frequencies usually present in these stars. However, we were able to detect a frequency
splitting allowing us to infer a rotational period of ∼5 d for HD 52089 and to find a low
frequency, fr = 0.093 d−1, related possibly to strange mode instabilities in HD 42089 in
agreement with its new derived value for the log(L?/M?).

We found lower values for mass-loss rates of HD 42097 and HD 58350 compared with
those derived by Haucke et al. [11], in agreement with the detected variability of the Hα
emission component, related to changes in the wind mass-loss rate in these stars at these
different epochs. The finding of low-frequencies stochastic oscillations in these objects is
possibly connected with such variations.

Despite the numerous and valuable efforts to study BSG stars, there are still many
issues to address; here, we highlight the most important ones:

• A large sample of BSGs needs to be studied with homogenously modeled datasets of
multi-epoch observations, with the aim of uncovering systematic deviations of surface
abundance ratios from evolutionary models. Additionally, multi-epoch observations
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will allow us to place constraints on the current uncertainties observed in the radii of
these objects and to identify changes in radii caused by radial pulsations.

• To frame the current studies for the needed Mcore/Mr ratio for massive stars to evolve
back towards the blue region of the HR diagram, such as the effect of stellar rotation,
convective boundaries criteria, mixing length theories, overshooting that is adopted
for the stellar interior, and evolutionary models, in terms of the CNO abundances.
This will allow us to untackle the observed indetermination in the evolutionary stage
of these objects with precise values for their CNO surface abundances and, in turn,
will help to set the needed constraints to the current poorly established theoretical
mass-loss recipes in the diverse evolutionary states and mass ranges.

• In addition, we emphasize that stellar pulsations play a key role in the analysis
of BSGs, not only as a test to infer their evolutionary stage, as proposed in Saio
et al. [15], but also as a mechanism that facilitates the mass loss in massive stars, as
suggested in Kraus et al. [10] and theoretically confirmed in Yadav and Glatzel [72],
affecting, therefore, their surface abundances. The systematic differences noticed
when comparing evolutionary tracks with surface abundance measurements for BSGs
(Figure 18) should be discussed, considering the effect of stellar pulsations over their
evolution. Furthermore, short-term mass-loss variabilities should be contemplated
in detailed evolutionary sequences, as they can act as an additional source for the
discrepancies found with evolutionary models.

From a spectral analysis software development point, we have added CMFGEN
modeling capabilities to the automatic spectral analysis procedure XTGRID2. The
first results shown here demonstrate its feasibility for processing spectra of massive stars
and deriving homogeneous parameters from diverse data. The next steps will include
improving the accuracy of spectral inference to reduce the observed discrepancies in mass
and surface abundances. Additionally, we will work on better optimizing the calculations
by recycling previously calculated models. Future applicability for large datasets relies
on the development of efficient methods to search the parameter space, either by utilizing
large grids [73] and/or machine learning techniques.

We would like to mention, as well, that we found diffuse interstellar bands (DIB)
in the spectra of HD 42087 and HD 58350. The 4428 and 6613 Å DIB bands are clearly
present in both stars. Neither of the two bands is visible in the spectrum of the relatively
nearby HD 52089. Although the two stars with DIBs are at larger distances, and they have
very different extinction values, the DIBs show very similar strengths. The lack of DIBs
in HD 52089 is likely due to its short distance and the very low interstellar extinction in
its direction. In addition, HD 52089 is not only the hottest star in our sample, but also the
strongest ultraviolet source in the night sky [74], which may be able to photodissociate
DIB carriers.
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Abstract: This review has two parts. The first one is devoted to the Barbier–Chalonge–Divan (BCD)
spectrophotometric system, also known as the Paris spectral classification system. Although the BCD
system has been applied and is still used for all stellar objects from O to F spectral types, the present
account mainly concerns normal and ‘active’ B-type stars. The second part treats topics related to
stellar rotation, considered one of the key phenomena determining the structure and evolution of stars.
The first part is eminently observational. In contrast, the second part deals with observational aspects
related to stellar rotation but also recalls some supporting or basic theoretical concepts that may help
better understand the gains and shortcomings of today’s existent interpretation of stellar data.

Keywords: Techniques: spectrophotometric; Stars: activity; Stars: emission-line, B, Bn, Be, B[e], Bm;
Stars: rotation; Stars: evolution; Stars: chemically peculiar; Stars: magnetic field

1. Introduction

This review is dedicated to the BCD spectrophotometric system (Barbier–Chalonge–
Divan; spectral classification system of Paris) applied to normal and active B-type stars
and their rotation. This paper presents observational and theoretical aspects related to the
topics covered.

Although the BCD spectrophotometry and rotation may seem to be disjoint themes,
the main reason for their joint presentation resides in the fact that BCD spectroscopy has
allowed to obtain the apparent astrophysical parameters of rapidly rotating B-type stars
with and without emission lines (Be, B[e]), whose correction for the effects induced by the
rapid rotation on their emitted energy distribution gave access, for the first time, to the
knowledge of their true mass and evolutionary state. Be stars have been long considered to
be in the phase of the secondary contraction, which favors the increase in the surface rapid
rotation, an outstanding characteristic of these objects.

Among the main advantages of the BCD spectrophotometry over spectroscopy are: the
deduced parameters refer to stellar layers that are on average deeper than those producing
the spectral lines, and thus, they can provide a more faithful description of the central body
of the object; these parameters are not affected by the interstellar extinction nor by the
disturbing emissions and absorptions produced in the circumstellar media that characterize
active B-type stars, such as Be and B[e] stars.

With the exception of Vsin i, the first corrections that were made for effects due to
rapid rotation on the stellar observational parameters were made on the astrophysical
parameters (Teff, log g) obtained with the BCD system. With them, it has been possible
to demonstrate with certainty that the Be phenomenon can appear at any moment in the
evolution of B-type stars in the main sequence, between the Zero-Age-Main-Sequence
(ZAMS) and the Terminal-Age-Main-Sequence (TAMS). The ages of isolated individual
stars obtained in this way take into account the evolutionary changes carried by the rotation.
On the other hand, they are complementary to those deduced by the method of isochrones
applied to normal and active stars in galactic clusters.
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The BCD system is easy to use, and only requires spectra with low spectral resolution
which are obtained for a short spectral domain, between the near ultraviolet and the visible.
Moreover, their reduction is easily automatable. With the help of large telescopes and
modern detectors, its use can be easily generalized to characterize stellar populations in
other galaxies and possibly in environments of cosmological interest.

Rotation is a complex phenomenon that induces changes in the stellar geometry, deter-
mines non-uniform distributions of the surface temperature and gravity, and induces an
important series of internal stellar instabilities. These instabilities produce a redistribution
of the angular momentum stored by the star during its formation phases. This redistribu-
tion leads to internal and surface differential rotation, destabilizes stellar internal regions
to convection and favors the creation of magnetic fields. Due to the rotation, a star evolves
as having a smaller effective mass and the characteristics of the emitted spectrum depend
on the angle of observation.

The amount of angular momentum, its internal distribution and the initial chemical
composition, determine the observed spectral characteristics of rotating stars. It is then
important to have some information on the circumstances related to stellar formation, and
on the theoretical bases that help understand the internal structure of rotating stars that lead
to the spectrum finally emitted by the star, particularly the Spectral-Energy-Distribution
(SED) studied with the BCD system.

It is worth noting that, when speaking of active B-type stars, we consider objects where
observational characteristics indicating some specific physical properties are enhanced.
These properties may concern line emission, flux excess, abundance peculiarities and
outbursts. The division between active and nonactive objects may be artificial. Stars
that are in the pre-main sequence (pre-MS) evolution phases are currently considered in
the category of active objects. They are, however, progenitors of what will probably be
inactive stars, which they will remain during all of their life in the MS, or a large fraction
of it. Likewise, objects apparently inactive during a considerable period of their life in
the MS phase may at some point acquire the conditions to manifest particularities, as it
happens with Be and B[e] stars. This means that, in the account of stellar activities, it is
equally important to consider normal states that can, if certain conditions are met, evolve
into properties labeled as active. Evolution in binary systems can trigger such conditions,
particularly to display the Be and B[e] phenomena. Then, in this review, we deal with both
types of objects, normal and active.

Section 2 is dedicated to the presentation of the BCD spectrophotometric system,
and encompasses the basic definitions, its use for field and cluster B-type stars, normal,
Bn, Be, helium-weak and helium-strong B-types star and B[e] stars. A short account is
given on its development to date. Although the application of this system to objects with
complex spectra can lead to some uncertainties, it is nevertheless a method that in many
circumstances can provide valuable complements to the spectroscopic results. In this
section, emphasis is placed on the need for the detailed modeling of BCD parameters,
particularly the second Balmer discontinuity in Be stars, because it can carry important
information about the structure of the circumstellar disc (CD) zones close to the central
object, where the transfer of the angular momentum is organized to the rest of the CD.

The effects induced by the rotation on the spectra emitted by stars are discussed
in Section 3. Some theoretical generalities are exposed about the possible content and
distribution of the angular momentum in a dynamically stable self-gravitating object.
They allow us to visualize the limits of current rotating star models and think about the
improvements that could be made. Herein, some elements of the astrophysical parameter
correction technique are given the for rotational effects that ultimately allow us to determine
the true mass and evolutionary state of a rapidly rotating star. The mixing of the chemical
composition and the redistribution in stellar interiors is shortly discussed in Section 4. In
Section 5, a detailed presentation of the uncertainties that affect the Vsin i parameter is
given, including the effect of differential rotation on the stellar surface. The important
contribution of interferometry to the study of rotating normal active and B-type stars is
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exposed in Section 6. Section 7 is devoted to the origin of the stellar angular momentum
and its internal evolution. Debates are exposed which consider fast rotators as isolated
objects, but also as possible results of the phenomenon of merging in binary systems.
Observational results are shown that confirm the fast rotation of the Be stars, but not the
generality of their quasi-critical rotation. The evolution of rotational velocities in single tars
is presented in Section 8. In Section 9, it is shown that the evolution of B-type stars may
imply phenomenological kinship between Bn and Be stars. The rotation of magnetic B-type
stars is presented in Section 10 and that of B[e] stars in Section 11. A discussion and the
concluding remarks are presented in Section 12.

2. B-Type Stars Observed with the BCD Spectrophotometric System
2.1. Brief Historical Account

Daniel Chalonge (1895–1977), one of the most talented students of the renowned
physicist Charles Fabry (1867–1945), started studying the continuum energy distribution
of stars in wavelength regions around the Balmer discontinuity during two observation
missions in 1934 at the Swiss stations of Arosa and Jungfraujoch. The first results were
published by Chalonge [1], Arnulf et al. [2], wherein the main interest was to measure the
Balmer discontinuity (BD), the color gradients of the energy distribution on both sides of the
BD and to standardize the correction for atmospheric absorption, particularly that due to the
ozone at λ < 3350 Å. Furthermore, in 1938, D. Chalonge introduced the micro-photometer,
especially designed to record the spectra he was to use for their research. The calibration
lamp that enabled converting the spectral micro photograms into spectrophotometric
intensities was then described by Guérin [3].

The Chalonge spectrograph gave definite characteristics to the Paris stellar spectropho-
tometric classification system which was presented by Baillet et al. [4]. The spectra obtained
with this instrument are 15 mm long from 3100 to 6100 Å, their dispersion varies from
580 Å/mm at 6000 Å, to 220 Å/mm at Hγ and 78 Å/mm at 3100 Å. On each 6× 6 cm
photographic plate, 20 stellar spectra were recorded with intensity of 13 and wavelength
calibration spectra interspersed in the middle of the plate. All these spectra have a triangu-
lar shape due to an oscillating chassis that enables to collect a more significant number of
ultraviolet photons, which are strongly absorbed by the atmosphere, and disperse over a
wider surface of the plate, the blue–red photons avoiding thus over-exposures.

2.2. Basics of the BCD system

The BCD stellar classification scheme is based on three parameters: the logarithmic
flux drop, D dex, of the BD; the wavelength of the midpoint of the intensity decrease,
commonly presented in the reduced form λ1 − 3700 Å, where λ1 is the actual wavelength
of the midpoint of the discontinuity; the blue spectral gradient between 4000 and 4600 Å,
Φb µm. Usually, two other gradients are also given, Φrb defined over the 4000 and a 6100 Å
wavelength interval and generally determined only for stars hotter than the A0 spectral
type, and Φuv defined between 3150 and 3700 Å (see the definition of these gradients in
Equations (3) and (5)).

The value of D is calculated at λ = 3700 Å, as D = log10 F+
3700/F−3700, where F+

3700 is
the Paschen side of the flux and F−3700 is the flux in the Balmer continuum. The value of
F+

3700 is obtained by the extrapolation of the rectified Paschen continuum to λ = 3700 Å,
for which a relation such as log Fλ/Bλ = p× (1/λ) + q is used because this relation as a
function of 1/λ) is nearly a straight line. Bλ can be the flux of a comparison star or simply
the Planck function, calculated for a higher effective temperature than that expected for the
studied star.

D = log
[ F3700+/B3700

F3700−/B3700

]
dex . (1)

In the original application of the BCD method, the normalization of intensities is obtained
with standard stars. Some of these standard stars were published in Divan [5]. The
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zero-scale value of the BD determinations in the BCD system was determined using the
discontinuity of the B0-type supergiant ε Ori [6], whose D was determined in an absolute
way with a laboratory black body. The values of D are determined within a typical error
∆D . 0.015 dex.

At first glance, Equation (1) seems to define a value perfectly independent of the
interstellar extinction. However, while F−3700 can be identified without proceeding to any
energy distribution extrapolation, F+

3700 is necessarily extrapolated and thus depends on
the Paschen energy distribution over a larger wavelength region, which can be affected
(reddened) by the interstellar extinction. At the same time, the error on D carried by this
extinction is relatively small

Dcor = Dobs − 0.004 eb
eb = Φb −Φ∗b

(2)

where Φ∗b is the stellar intrinsic gradient and eb is the gradient excess due to the interstel-
lar extinction which, translated into the UBV Johnson–Cousins’ photometric system is
eb = 1.61E(B− V) [7,8]. This means that, for E(B− V) . 2.3 mag, the discontinuity D
can be considered unperturbed by the interstellar extinction. Otherwise, a short iteration
using Equation (2) may rapidly converge to the correct estimate of D.

Because the coalescence of the higher lines of the Balmer series shifts the apparent
BD to longer wavelengths, to avoid uncertainties on the identification of the last recorded
merged member, which depends on the spectral resolution power and the plate photo-
graphic optical sensitivity, Barbier and Chalonge [9] introduced the parameter λ1. It is
determined by the intersection of the pseudo-continuum that joins the overlapping wings of
the coalescent Balmer lines, with the log Fλ−D/2 line (see Figures 1 and 2). This parameter
is currently given as λ1 − 3700 Å. It can be determined within an error not larger than
∆λ1 ∼ 1 to 3 Å.

The value of D roughly ranges from 0.035 dex for O4-5 type stars to nearly 0.500 dex
for A2-type stars, and then back for cooler spectral types to 0.035 dex in F9-type stars. The
λ1 − 3700 goes roughly from 70 Å for dwarfs to λ1 − 3700 ' −5 Å for supergiants, which
indicates that λ1 is a well-resolved quantity useful for the stellar luminosity class classifi-
cation. The unreddened Φrb gradient varies in a continuous way from Φrb = 0.60 µm in
O-type stars passing by Φrb ' 1.0 µm in early A-type stars, and attains Φrb ' 2.6 µm at
spectral type F9. This gradient can, in some cases, help determine whether a given value
of D corresponds to the hot or cold section of the BCD spectral classification system. In
general, Φrb is affected by the interstellar reddening, and an iterated value of the color
excess E(B−V) can eventually disentangle the right spectral classification side. Figure 1
shows the various BCD parameters determined from the spectrum of a B-type star around
the BD. In Figure 2, the determination of the BCD parameters in the Be stars is shown.
Specific details on the BCD parameters of Be stars are given in Section 2.5.1.
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Figure 1. Graphical explanation of the BCD spectrophotometric parameters (D, λ1, Φb, Φuv) deter-
mination for a B-type normal star. The photospheric D∗ (heavy full line) and the λ1 parameters are
indicated. The slopes that define the gradients Φuv and Φb are also indicated. The spectrum was
obtained in the Complejo Astronómico El Leoncito (CASLEO), San Juan, Argentina. Adapted from
Aidelman et al. [10].
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Figure 2. Same as in Figure 1, but in (a) is shown the energy distribution of a Be star, whose second
component of the BD is in emission (flux excess). In (b), the spectrum is for a Be star in shell phase,
where the second component of the BD appears in absorption (flux deficiency). As for Figure 1,
spectra were obtained in the Complejo Astronómico El Leoncito (CASLEO), San Juan, Argentina,
with the Boller and Chivens spectrograph mounted on the J. Sahade 2.15 m telescope. Adapted from
Aidelman et al. [10].

When carrying out the spectrophotometric study of the energy distribution near the
Balmer discontinuity, two other parameters were obtained: the color gradient Φuv, given in
µm and defined for the 3200–3700 Å spectral region, and the Paschen gradient defined in
two versions: the already mentioned Φb valid for the spectral regions 4000–4800 Å, and
Φrb defined over the 400–6700 Å spectral region; both are given in µm. The determination
of Φuv requires determining the amount of ozone absorption in the near UV spectral region.
Using wavelength units in µm, a color gradient is defined as [11]:

Φ = 5λ− d ln Fλ

d(1/λ)
, (3)

which for a black body at temperature T becomes :

Φ(T) = (C2/T)
(
1− e−C2/λT) , (4)
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where C2 = hc/k = 1.4388 cm·deg is the radiation constant. Assuming that, for a given
stellar energy distribution Fλ, Φ can be considered being constant between two wavelengths
λa and λb of the chosen continuum energy distribution, and the expression for Φ becomes:

Φ = ln

[
λ5

aFλa

λ5
bFλb

]
/(1/λa − 1/λb) . (5)

As the local temperature of the formation region of the Paschen continuum is close to
the stellar effective temperature, from Equations (4) and (5), we note that stars with the same
effective temperature but different surface gravity define a common region in the plane
(λ1, D). This fact was used by Barbier and Chalonge [12] and by Chalonge and Divan [13]
to determine the curvilinear quadrilaterals that characterize the BCD classification system.

The spectral classification system developed in 1943 at Yerkes Observatory by W. W.
Morgan, Philip Childs Keenan, and Edith Marie Kellman, widely known as the MK (or
MKK) classification or the Yerkes system, retained the sequence of stellar spectral types
named O, B, A, F, G, K, M. They also introduced a range of luminosity classes which
indicate whether the star is a supergiant, giant, dwarf or some intermediate class. Barbier
and Chalonge [12], Barbier [14] and Chalonge [15] linked the MK classification to the BCD
classification based on the (λ1, D) parameters, but only using the MK classification of
stars made by Keenan and Morgan [16] themselves. To this end, the authors of the BCD
classification system simply delimited the common region occupied by stars having the
same MK spectral type with curves of intrinsic constant Φrb parameters. In the same way,
they have drawn the ‘horizontal’ lines that separate the MK luminosity classes. The BCD
authors attempted to keep inside a common strip of stars, which are all spectral types
having the same MK luminosity class label assigned by Morgan and Keenan. Each spectral
type obtained in the BCD system and labeled with a given MK designation thus represents
a rather wide range of (λ1, D) parameters, characterizing a curvilinear quadrilateral. The
‘vertical’ curves of constant gradients Φb or Φrb separate the spectral types and the ‘hor-
izontal’ curves separate the luminosity classes. Chalonge and Divan [13] is considered
today as the founding publication of the BCD stellar classification system.

The largest collection of (λ1, D) parameters of early-type stars can be found in Cha-
longe and Divan [13], Underhill et al. [17], Zorec and Briot [18], Underhill et al. [17] and
Zorec et al. [19].

A graphical presentation of BD calculated with the LTE model atmospheres is pre-
sented in Underhill et al. [17], and a comparison between BD determinations with the LTE
and non-LTE model of non-extended atmospheres was made in Zorec [20], where it is
shown that differences are of the order of some δD ∼ 0.001 dex, which is much smaller than
the measurement uncertainties. Rough estimates of δD using the LTE models of extended
atmospheres with Teff ≤ 12,000 K [21] show that the differences are of the same order of
magnitude as given above.

2.3. Relation between the BCD Quantities and the Physical Parameters of Stars

A very useful relation implying that the (λ1, D) parameters are the calibration of the vi-
sual absolute magnitude MV = MV(λ1, D) obtained with stars in the solar neighborhood [8].
This calibration enabled the estimation of the distance modulus Vo −MV (Vo is the apparent
visual magnitude corrected for interstellar extinction) of several Galactic clusters using
only a small number of cluster members. As it is known, regions with different metallicities
are characterized by different absolute magnitude scales. Relations MV = MV(λ1, D) must
then be determined with stars that belong to regions characterized by the specific metallicity.
The above calibration of MV determined for the solar metallicity when used for stars in the
Magellanic Clouds produces deviations of Vo −MV to the expected values [22,23].

In the (λ1, D) diagram, the parameter s defined as the value of D taken at λ1 − 3700 =
60 Åis considered the spectral type classification parameter in the BCD system. Chalonge
and Divan [24] showed the high sensitivity of the BD to the stellar effective temperature.
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As noted above, the color gradient Φb was introduced in 1955 in the BCD system to
distinguish F-type stars from B-type stars having the same (λ1, D) pairs. Later, for stars
with spectral types later than A3, Chalonge and Divan [25] have shown the deviation
Φb −Φn, where Φn is the curve joining the lowest points in a Φb = Φb(s) relation, which is
strongly correlated with the [Fe/H] abundance ratio.

An observed value of Φb or Φrb also provides an estimation of the ISM extinction as
follows [7,8]

AV = 3.1 E(B−V) = 1.9 (Φb −Φ∗b) = 1.7 (Φrb −Φ∗rb) (6)

where Φb and Φrb are the intrinsic gradients of stars corresponding to their (λ1, D) param-
eters. Relations similar to those in Equation (6) must be redefined each time the gradients
characterize spectral regions that are not the same as those that define the original BCD Φb
and Φrb gradients [10,26].

The great advantage of the BCD system is that it can be used for a wide range of
spectral types going from mid-O-type to late F-type stars, and it relies on low-resolution
spectra obtained over a relatively short wavelength range (3500–4500 Å), which automated
reduction codes can treat. It might then be a valuable tool to characterize faint stars in
clusters, or belonging to stellar populations in distant regions of our Galaxy, or those
of other more or less neighboring galaxies, using the multi-object spectrographs and/or
spectro-imaging devices of large modern telescopes.

The MV(λ1, D) and Teff(λ1, D) calibrations for normal B-type stars were then revisited
by Zorec and Briot [18] and Zorec et al. [19], respectively. The Mbol(λ1, D) and log g(λ1, D)
calibrations were presented in Zorec [20] and partially in Divan and Zorec [27]. These
calibrations are reproduced in Figure 3.

2.4. The BCD System Today

The original Challonge spectrograph has not been in service since December 1988.
Other instruments have then been employed to perpetuate the BCD system today. Recently,
the most frequent use of the BCD system was made in Argentina, where low-resolution
spectra are obtained at the Complejo Astronómico El Leoncito (CASLEO), San Juan, with
the Boller and Chivens spectrograph mounted on the J. Sahade 2.15 m telescope. The
instrumental configuration consists of a 600 l/mm grating (# 80), a slit width of 250 µm
and a CCD detector of 512× 512 pixels. The spectra cover the 3500–4700 Å wavelength
range with a 2-pixel of 4.53 Å, or R = 900. A standard reduction procedure is applied to
the spectroscopic images using over-scan, bias- and flat-field corrections. When needed
for faint stars, dark-frame subtractions are carried out. The He-Ne-Ar comparison and
spectrophotometric flux standard star spectra are regularly obtained, respectively, for wave-
length and flux calibrations. The low-resolution spectra for the BCD spectrophotometry
are obtained with the widest possible opening of the slit, which thus minimizes light losses
and enables to obtain spectra to carry out correct spectrophotometric measurements. Ob-
servations are made at the lowest possible zenith angle to minimize refraction effects due
to the Earth’s atmosphere and thus to avoid other light losses as a function of wavelength.
Generally, observations are reduced with the IRAF software package, and all spectra are
fully corrected for atmospheric extinction and calibrated with flux standard stars regularly
observed during the same run, e.g., [10,28].
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Figure 3. Empirical calibrations of absolute magnitudes MV and Mbol and parameters Teff and log g
as a function of the BCD parameters (λ1, D). The horizontal black dashed lines separate the MK
luminosity classes indicated on the left side of each panel. The vertical black dashed lines separate
the groups of the MK spectral types specified at the bottom of each panel. The blue lines represent
the calibrations of the indicated astrophysical parameters, respectively, labeled in red (in units of
magnitude for MV and Mbol), Teff(K)/104 for effective temperatures and dex for log g. Figures
adapted: (a) from Zorec and Briot [18], (b) from Zorec et al. [19], (c,d) from Zorec [20].

Mennickent et al. [29] conducted spectroscopic observations at Cerro Tololo Inter-
American Observatory, Chile (CTIO), Las Cumbres Observatory, USA (LCO), and La
Silla European Southern Observatory (ESO) Chile Observatory in 2003 to produce BCD
classifications of double-periodic blue variables in the Magellanic Clouds observed in the
OGLE survey [30]. At CTIO, the 1.5 m telescope was used with the Cassegrain spectrograph
and the Loral 1-K detector. Grating N◦26 tilted at 15.95◦ and a slit width of 2 arcsecs yielded
a spectral range of 3500–5300 Å, with a resolution of 2 Å. Wavelength calibration functions
with a typical standard deviation of 0.1 Å were obtained with around 30 He-Ar lines for
the comparison spectra. Observations of the standard stars were used for flux calibrations.
They used the NTT (ESO New Technology Telescope) with the EMMI blue arm at La
Silla in medium dispersion grating mode, with grating No 4. This instrumental setup
and a 1 arcsec slit yielded a spectral range of 3500–5050 Å and a resolution of 5 Å. The
wavelength calibration functions have a standard deviation of 0.2–0.3 Å. The standard stars
were observed with a 5-arcsec slit for flux calibrations. At LCO, the Irénée du Pont 2.5 m
telescope was used with the modular spectrograph and the SiTe2 detector. The combination
of grating No 600 blazed at 5000 Å, with a slit width of 1.5 arcsec, yielded a spectral range of
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4000–6050 Å with a resolution of 2.5 Å. About 60 He-Ar-Fe lines in the comparison spectra
enabled wavelength calibration functions with a standard deviation of 0.2–0.3 Å.

Gkouvelis et al. [26] studied a large population of Be stars photometrically detected
by the IPHAS survey [31] and used them as galactic structure tracers. The study was
based on the analysis of the follow-up spectroscopy of stars performed during the period
2005–2012 at the 1.5 m Fred Laurence Whipple Observatory (FLWO) Tillinghast telescope
on Mount Hopkins in Arizona, using the Fast Spectrograph for the Tillinghast Telescope
(FAST) spectrograph [32]. The data were taken with the 300 l/mm grating and a projected
slit width of 3". The data were in a wavelength range from 3500 to 7500 Å at a spectral
resolution of ∆λ ' 6 Å. Since the BCD requires flux-calibrated spectra each night, they
selected calibration spectra from the FAST archive to ensure that all spectra were calibrated
with flux standards observed the same night. The calibration has been performed using
standard image reduction and IRAF analysis facility routines. The authors selected sources
with spectra having SNR & 30 around the Balmer discontinuity. Gkouvelis et al. [26]
developed a semi-automatic procedure to obtain the fundamental parameters and distances
of stars based on the BCD system.

Additional mid-resolution (2–4 Å) and high SNR (30–100 at 3700 Å) spectra of a
number of stars were obtained at the Roque de Los Muchachos Observatory in La Palma,
Canary Islands, Spain, to transform the resolution of spectra into that currently used in the
BCD system since the astrophysical parameters of the studied stars were obtained using
the calibrations established with the original BCD (λ1, D) quantities, the details of which
can be found in [26]. For this task, the telescopes and instruments used were the Isaac
Newton Telescope (INT) equipped with the Intermediate Dispersion Spectrograph (IDS),
and the Nordic Optical Telescope (NOT), using the Andalucía Faint Object Spectrograph
and Camera (ALFOSC).

A series of B emission-line stars for BCD classification were acquired with the VLT/X-
shooter instruments [33]. X-shooter is a multiwavelength medium-resolution spectrograph
mounted at the Cassegrain focus of UT2 of the VLT at ESO Paranal with a mirror diameter of
8.2 m. The X-shooters’ three arms are UVB, covering 300,550 nm; VIS, covering 550–1010 nm;
and NIR, covering 1000–2500 nm. The resolution depends on the chosen slit width. It
ranges from R = 1890 to 9760 in the UVB, from 3180 to 18,110 in the VIS, and from 3900 to
11,490 in the NIR arm, respectively, [34]. The spectra were reduced with the ESO Recipe
Flexible Execution Workbench (REFLEX) for X-shooter [35], a workflow environment to run
ESO VLT pipelines. This workflow provides an interactive way to reduce VLT science data.
The steps executed by the ESO X-shooter pipeline include bias subtraction, flat fielding,
wavelength and flux calibration, and order merging. The authors did not give details on
the spectrophotometric reliability of their spectra.

Another series of spectroscopic observations to carry out BCD classification was
selected by Shokry et al. [36] from the NOAO Indo-U.S Archive of Coudé Feed Stellar
Spectra [37]. The spectra of 1273 stars were carried out using the 0.9 m Coudé Feed telescope
at Kitt Peak National Observatory in the spectral range of 3460–9464 Å at a low-resolution
of 1.2 Å FWHM [37]. Nearly 140 B-type star spectra exist in this archive, but only 83 spectra
were suitable to apply the BCD method because their spectra were either badly calibrated
or were not obtained in the wavelength domain required for BCD.

2.5. Be Stars Observed with the BCD System
2.5.1. Main Characteristics of the Balmer Discontinuity in Be stars

Be phenomenon is defined in B-type stars, which are not supergiants and have shown
some emission in their hydrogen Balmer line spectrum at least once [38,39]. The numerous
known properties and reviewed definitions of classical Be stars are nicely summarized in
Rivinius et al. [40]. They have two outstanding characteristics: they are rapid rotators and,
on average, are the fastest among the non-degenerate stellar population; and they show
spectral and photometric variability in all spectral domains.
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It is known that supergiants can have emission components in their Balmer line
spectrum due to their extended atmosphere. Moreover, they may have some emission in the
hydrogen Paschen lines due to non-LTE effects. The Be phenomenon is thus conceptually
associated with the capability of a star to create by its own a circumstellar disc (CD) or
envelope where line emissions are formed. The Be phenomenon can be present in stars of
mid-to-late O spectral type, B-type objects and early A-type stars.

Barbier and Chalonge [41] noticed that the continuum spectrum of ζ Tau (HD 37202)
presented a peculiar BD. From the confluence point of the last seen members of the Balmer
line series, towards shorter wavelengths, there is a stall of the level of the energy distribu-
tion, called the ‘second BD component in absorption’ (scBD in absorption), which attains
its maximum absorption at the theoretical limit of the Balmer line series (λ 3648 Å). Barbier
and Chalonge [41] attributed this phenomenon to a circumstellar medium having low gas
pressure. During the first observation missions in the BCD system, roughly from 1941 to
1948 at the Swiss Jungfraujoch station and the Institut d’Astrophysique in Paris, where the
main objective was to obtain a large enough number of stars of all classes to develop their
spectrophotometric stellar classification system, Barbier, Chalonge and their colleagues
incidentally observed also a series of B-type stars that displayed the above-noted behavior
of the BD, but also other B-type stars where the stall corresponds to a flux excess that
steadily increases from roughly 3650 Å to a maximum at 3648 Å. This flux excess was called
the ‘second BD component in emission’ (scBD in emission).

Be stars with strong emission lines generally display a second BD component in
emission, while those with a shell-line spectrum have a second BD component in absorption.
They can lose their line and continuum emission or absorption characteristics to acquire a
transitory B-normal aspect. Since the IAU Coll. No 98 [42], it is customary to call each of
these spectroscopic aspects a ‘phase’ of the Be phenomenon. In Figure 2, examples of Be
stars are shown with the second BD component in emission and in absorption. The total
BD of Be stars is written as

D = D∗ + d (7)

where D∗ is the stellar proper or photospheric BD component, and d (d > 0 absorption;
d < 0 emission) is the second BD component due to the circumstellar gaseous environment.
Many Be stars have undergone either B�Be (59 Cyg [43,44]), or B�Be-shell (88 Her [45];
θ CrB [46]) phase transitions. Some of them had shown both types of transitions as
59 Cyg [44], γ Cas [47]; however, Pleione (28 Tau) is the most typical example [48,49].
These transitions are detected in the behavior of the Balmer line profiles as well as by
the changes of the continuum spectrum around the BD Zorec [20], de Loore et al. [50],
Divan et al. [51].

One of the first interpretations of the continuum energy distributions such as those
displayed in Figure 2 in terms of a circumstellar gaseous envelope was made by Barbier [52].
He used the BCD spectra of γ Cas (HD 5394) obtained from 1934.6 until 1943.5 [12,53–56].
The spectra obtained from 1934.6 to 1935.5, before the huge stellar outburst in 1937.5,
characterized by a brightening of nearly two magnitudes, were considered to represent
the star during a normal or emission-less phase. Considering a spherical circumstellar
envelope, the observed BCD parameters were interpreted using the following expression
for the observed radiation flux

Fλ = F∗λ exp(−τλ) + S E [1− exp(−sτλ)] (8)

where F∗λ is the underlying photospheric stellar flux, S is the effective emitting surface of the
circumstellar envelope, E is the source function of this envelope, τλ is the non-LTE bound-
free opacity of the envelope made up of hydrogen atoms, and s is a parameter defined
as exp(−sτ) = 2E3(2τ) with E3 being the exponential integral of the third order. With
Equation (8), rarely cited, but many times re-invented in the specialized literature of Be stars,
D. Barbier described the normal, Be and Be-shell phases of γ Cas. He concluded that these
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phase changes occur with opacities τvisible . 0.4 and τuv ' 1− 6. The estimated geometrical
dilution factor characterizing the extent of the circumstellar envelope producing emission
and absorption in the analyzed wavelength region is W(R) ' 0.04, which implies relatively
short distances from the stellar surface.

There is a list of approximately 50 Be stars in the original BCD archives which were
observed several times with the original Chalonge spectrograph, although quite irregularly
until 1983. The individual observations were almost never published, except for γ Cas, X Per
(HD 24534) [50], 59 Cyg (HD 200120) [43], HD 60848 [51] and 88 Her (HD 162732) [45,57].
The photospheric BCD (λ1, D) parameters for nearly 50 Be stars were published in Zorec
and Briot [18], Zorec [20].

2.5.2. The Apparent HR Diagram of Be Stars

Only when there is a powerful emission in the scBD does the scBD overlap the
photospheric component of the BD and makes its determination somewhat uncertain.
Additionally, the Paschen continuum is perturbed by the radiation from the circumstellar
medium, which introduces a change in its distribution and makes the determination
of D∗ more difficult. Nevertheless, the reddening or bluing of the gradient due to the
circumstellar environment can be interpreted as an increased ISM reddening because, in the
short wavelength range concerned by these gradients, the circumstellar and ISM reddening
laws are barely distinguished. The perturbed value of the BD can then be corrected as
indicated in Equation (2) to obtain the genuine D∗. In the remaining cases, the value of
D∗ is constant within the limits of the uncertainty of its determination, even though the
intensity of the line and continuum circumstellar emission may change. It is remarkable
that during the ‘shell’ phases, very frequently Φb remains almost unperturbed, and the
determination of D∗ does not offer any additional difficulty. When the presence of the
circumstellar medium rather strongly perturbs the determination of D∗, the value of λ1 can
be slightly uncertain as well.

Excluding the very extreme cases of the presence of strong emission, corrections on
D∗ and λ1 are small or negligible. We can then consider the pair (λ1, D∗) as parameters
characterizing the photosphere of the observed stellar hemisphere of the Be star. Following
these considerations, Divan [58] proposed a spectral classification of Be stars in terms of
(λ1, D∗).

An in-depth study based on a new data set of BCD parameters added to the existing
collection allowed Zorec [20] to present a diagram where, for the first time, it is shown
with unperturbed parameters by the circumstellar medium that the Be phenomenon can
appear at any moment of the stellar evolution in the main sequence (MS), as well as a
little later. This diagram is shown in Figure 4, where l in Å is the value of λ1 − 3700 Å,
determined at D∗ = 0.2 dex and can be considered as the BCD continuous luminosity class
parameter. Let us note that, until the 1980s, the HR diagrams of Be stars were constructed
with photometric data not corrected for the effects due to the circumstellar emission or
absorption. The Be phenomenon was then believed to likely appear in the late evolutionary
phases of OBA stars on the MS [59]. It was thus suggested that the occurrence of the Be
phenomenon could be related to the short secondary contraction period that follows the
hydrogen exhaustion in the core [60], where the increase in the stellar rotational rate favors
the reaching of its critical limit.

In the diagram of Figure 4, we note that Be stars earlier than the spectral type B3-4
appear over an extensive range of luminosity classes. The tendency for the remaining stars
is that the phenomenon tends to be present at more evolved evolutionary stages on the MS
with a later B spectral type. Later studies on the evolutionary stages of Be stars in the solar
neighborhood have confirmed this result [61].

Finally, it is worth noting that the (λ1, D) or (l, D) parameters reflect the photospheric
characteristics of the stellar hemisphere distorted by rotation and projected towards the
observer. They are then considered as apparent parameters that need to be corrected for
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the effects induced by the rapid rotation to obtain a more realistic view of the real physical
properties and evolutionary status of Be stars.
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Figure 4. BCD spectral classification diagram for Be stars in terms of luminosity class parameter
l against the photospheric BD, D∗. This is one of the first HR-type diagrams showing that the Be
phenomenon can appear at whatever evolutionary phase because (l, D∗) characterizes the stellar
photosphere of the central star [20].

2.5.3. Correlations of the BCD Parameters with the Emission Characteristics of Be Stars

It has been known for a long time that one of the main characteristics of Be stars is
their line and continuum variations [62–64]. As much as it concerns, the variations in the
continuum spectrum have very different time scales. Among them, long-term variations
deserved attention in the BCD system because they have a clear impact on the values of the
gradient Φb (or Φrb) and on the scBD d = D− D∗ (see Figure 5).

Moujtahid et al. [65] interpreted the long-term spectrophotometric variations of Be
stars in terms of sporadic mass ejections from which their CD is formed and dissipated.
According to the dissipating disc model, these authors predicted ‘loop-shaped’ relations
between the flux excess in the V magnitude (∆V) and the emission excess in the second
component of BD (∆D). Similar loop-shaped behavior in a color-magnitude diagram of
Be stars of the Small Magellanic Cloud (SMC) (EROS microlensing experiment, e.g., [66])
was sometime later discussed by de Wit et al. [67] who also based their interpretation on a
simple-time-dependent model, where the bound–free and free–free emissions is produced
by an outflowing CD. These authors also discussed the correlation between the optical and
the near-IR flux excess, from which they concluded that their outflowing CD model could
provide reasonable explanations for the observations.
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Figure 5. (a) Variation of gradients Φrb, Φuv and magnitude V against the total BD of 59 Cyg from 1948
to 1981 (1: Spt.48, 2: Oct.65, 3: Jul.77, 4: Nov.77, 5: Jun. 79, 6: Nov.79, 7: Jul.80, 8: Spt.81). (b) Second
component d of the BD against the Balmer line decrement I(Hα)/I(Hβ). (c) Reddening and bluing of
the gradient Φrb corrected from ISM extinction against the equivalent width of the emission component
of Hα. In (b,c), filled circles are for Be phases and open circles for Be-shell phases of Be stars.

The short- and long-lived outbursts discovered by Hubert and Floquet [68] were also
reported for some Be stars by Mennickent et al. [69] (MACHO microlensing experiment,
e.g., [70]) and Keller et al. [71] (OGLE, e.g., [72]). These authors definitively provided the
required observational proof to realize that the long-term photometric behaviors of Be
stars are related to the formation of CDs by sudden huge mass ejections, their subsequent
dissipation and partial re-accretion onto the star.

2.5.4. Disc-shaped Envelopes in Be Stars, Just a Few Reminders

In the approaches mentioned above by Moujtahid et al. [65] and de Wit et al. [67], the
authors used simplified heuristic representations of the radiation produced by a CD as a
function of its optical depth changes during its expansion and dissipation phases. New
models have since been proposed, which are worth recalling because they suggest a deeper
physical perception of the CD structure in Be stars, its formation and evolution. However,
this reminder aims to focus on the observational aspects put forward by the BCD system
on the spectrophotometric behavior of Be stars that today’s most accepted theories of the
formation and evolution of a CD should take into account. In fact, BCD data refer to the
structure of the CD in regions close to the star, where interactions between an already
existent environment, discrete ejecta and a variable stellar wind take place. In these regions,
angular momentum transport is organized over the entire extent of the disc. This finally
enables the disc to acquire a Keplerian rotation and a subsonic expansion over a large part
of its structure.

The envelopes of Be stars deserved attentive discussions since Limber and Marlbor-
ough [73] concluded that their support in the equatorial plane must be centrifugal and that
viscosity (turbulent or magnetic) should be the agent to provide the required transfer of
angular momentum from the star to the envelope. They did not elaborate their suggestion.
A steady-state solution for a CD formed through mass ejections forced by rotation was
obtained by Limber [74], provided the functional dependence of the azimuth velocity,
uφ(R, θ = π/2), with R in the disc was specified. In this solution, the radial velocity,
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uR(R, θ = π/2) is subsonic near the star and supersonic far from the star. Based on a
formulation by Limber and Marlborough [73], Marlborough [75] proposed a model for the
Be star’s CD density in hydrostatic equilibrium in the zdirection. This model was then used
by [76–79] to produce extensive predictions of the emission profiles in the Balmer lines,
continuum flux excesses and line and continuum polarization.

It could also be mentioned that in the 1970s, a series of ad hoc models were proposed
for the Be star circumstellar envelopes (or discs) that aimed at inferring from observations
the likely dynamical conditions controlling their structure, as can be seen in the reviews
by [49,80–82]. Traces of the extensive discussions and considerable efforts provided to
disentangle the physical nature of envelopes around Be stars can be found in Slettebak
and Snow [83], Waters and Marlborough [84], where step by step, the idea of disc-shaped
envelopes has been progressively adopted against spheroidal envelopes [85,86]. There is
also the problem of the structure of the stellar atmospheres underlying these circumstellar
environments. In the future, much attention must be paid to the suggestions made by
Thomas [87] and the references therein concerning the properties of atmospheres of active
stars having, in addition to the atmospheric structures modified by the rapid rotation, a
more or less permanent supply of non-thermal energy by the sources of hydrodynamic and
magnetic nature, to better understand the internal structure of these objects. Up to now,
instead, few authors have studied the consequences produced by the deviations from the
classical thermal structure of stellar atmospheres on the emitted spectra, e.g., [88–96].

The two main observational constraints finally establish the limits for a strict modeling
frame of CDs in Be stars. According to the correlation between the FWHM (full width
at half maximum) of emission lines with the V sin i parameter of Be stars [97,98], discs
have rotational support, which implies that there is a mechanism that transports angular
momentum to the disc and makes it in Keplerian rotation. On the other hand, there is no
evidence of supersonic radial velocities in the discs.

Apart from the mechanisms that produce the discrete mass ejection, which remain
widely unknown, the disc formation and its further dissipation are now nicely explained by
the viscous decretion disc model (VDD). The disc-shaped envelopes start to take hold with
Lee et al. [99], who, following the analysis of the dynamics of viscous discs by Shakura and
Sunyaev [100], Pringle [101], suggested that angular momentum is transferred from the
stellar interior to the equatorial surface. The matter, thus supplied to the inner edge of the
disc, drifts outward thanks to the angular momentum transfer through the viscous stress.
Following further developments in the frame of viscous accretion discs [102], accretion
and excretion discs [103], Okazaki [104,105] proposed the model of ‘viscous decretion discs’
that respects the observation constraints mentioned above. Among the first explorations of
the dynamical properties of VDD were those carried out by Haubois et al. [106], while in
the frame of these models, the line emission, polarimetric and photometric behaviors of Be
stars were carried out by, e.g., Ghoreyshi et al. [107] and references therein.

According to VDD models, the particle density structure in a disc that is in hydrostatic
equilibrium in the vertical direction is described by the following relation [108]

ρ(R, z) = ρo(R∗/R)n exp{−[(R/r)− 1]/H(R)2}
r = (R2 + z2)1/2

H(R) = R(Vs/Vk) = V2
s R3/GM∗

(9)

where R is the radial cylindrical distance in the disc, z is the vertical coordinate, ρo is the
base disc density, the exponent n is a free parameter or determined by the VDD model, Vs
is the sound speed, Vk is the Keplerian velocity, and H(R) is the vertical disc height scale, G
is the gravitational constant, and M∗ is the stellar mass. Haubois et al. [106] noted that the
exponent n in the radial density function is a function of R, n = n(R) as it was also noted
empirically by Zorec et al. [96]. The relation n = n(R) changes during the disc evolution from
formation to dissipation. Generally, the variable average value of n is used in the literature,
which changes as the CD structure evolves, i.e., from n ' 4 at the disc formation phases,
n ' 3 near its steady state, to n ' 2 when it dissipates. However, at the disc formation phases,
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it can locally be n . 0 near the star and n > 0 away from the star. When a steady state of the
disc is temporarily attained, it has the average value n = 3.5 [109].

Detailed studies on the temperature distribution in the CD of Be stars show that
the temperature distribution is highly non-uniform. Its global behavior depends on the
physical inputs and on the assumptions made in the models [109–114]. The CD temperature
decreases in the equatorial region near the star and increases somewhat at larger distances
and higher zcoordinates. On the contrary, by including viscous heating, Kurfürst et al. [108]
found that the temperature grows in the equatorial regions and decreases towards larger
distances in both R and z coordinates.

It has long been known that the source function of Balmer lines, in its representa-
tion according to an equivalent two-level atom with continuum, is strongly dominated
by photoionization processes [115–119]. The stellar radiation field thus dominates the
production and destruction of line photons, and the source function is dissociated from
local temperature and density in the line formation region. Therefore, Balmer lines are
blind to the temperature structure of the CD. This phenomenon does not concern FeII lines
where the temperature dependence of the source function is high [96,120], as well as for
the bound-free and free-free continuum radiation.

2.5.5. What Can BCD-like Data Contribute to the Study of Be Star CDs?

Moujtahid et al. [65] have shown that the photometric behavior of a Be star in the
visible spectral range is a function of the structure of the CD near the central object as well
as of the aspect angle under which the star+CD system is seen. This dependency is also
valid for the scBD. Balmer lines, such as Hγ and Hδ, and FeII emission lines also form in
the CD regions which are very close to the central object. The aforementioned VVD models
should also be applied to the study of changes in these spectral and spectrophotometric
characteristics to disentangle the properties of the CD regions, which make the transition
between the star and the CD layers that organize the angular momentum transport and are
responsible for the Keplerian rotation of the Be star CD.

The mentioned transition region may have particular dynamic characteristics. Stellar
winds, mostly when they are massive as predicted by Curé [121], can contribute to the
global dynamics of the mass around the star, not only with an added huge amount of mass
but also with momentum and energy. The massive discrete ejecta and the fraction of the
already existent environment, ablated by winds, produce a mass-loaded flux that can take
the aspect of an expanding windblown bubble. These types of phenomena were studied
by Hartquist et al. [122], Dyson and Hartquist [123] and Arthur et al. [124]. According to
these authors, the most simplified structure of the circumstellar environment in the station-
ary snowplow phase encompasses three dynamically distinct regions: a wind expansion
region; a decelerated, subsonic wind momentum-dominated core; a pressure-dominated
supersonic expanding halo. Such a phenomenological picture may then characterize the
transition region to other regions where the viscous transport of angular momentum and
mass can occur.

The reasons that underlie the triggering of sporadic massive mass ejections are still
unknown. Without specifically mentioning them, Kroll and Hanuschik [125] have modeled
some characteristics of the ejection proper and its consequences that can lead to the forma-
tion of CDs. Kee et al. [126] have proposed that the combination of prograde g-modes of
stellar non-radial pulsation could lead to sporadic mass ejections, provided that stars are
at nearly critical rotation, which seems far from being a generalized phenomenon [127].
Krtička et al. [128] examined the nature of the mass loss via an equatorial decretion disc in
massive stars with near-critical rotation induced by the evolution of the stellar interior. This
mechanism stems from the angular momentum loss needed to keep the star near but below
the critical rotation. This suggestion suffers from two shortcomings: there is no evidence
for the near critical rotation to exist in all Be stars, and the predicted mass-loss rates do
not conform with the estimates obtained by modeling the photometric behavior of Be stars
with the VVD models [129].
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Although the MiMeS experiment yielded no detection of an organized magnetic field
with dipole field components weaker than 100 G in Be stars [130,131], random bipolar
spot distributions may exist [132] with magnetic fields compatible with the MiMeS non-
detections. Hope for its possible existence should not be lost because the average solar
magnetic field on the surface does not exceed 2–3 G. This experiment would probably
consider the Sun a star without a magnetic field.

Magnetic fields in Be stars can, however, be entertained by sub-photospheric convec-
tion as predicted by Cantiello et al. [133], Cantiello and Braithwaite [134,135], as well as by
deeper convective regions induced by the rapid rotation as suggested by Maeder et al. [136]
and Clement [137]. Hard X-ray emission in γ Cas and in γ Cas class of stars [138] is sup-
posed to be a phenomenon connected with surface magnetic field excluding the effects
related with an accreting companion [139]. The X-ray emissions observed in γ Cas could
hardly be explained with the possible soft X-ray emissions predicted by the radiation-
hydrodynamics simulations of the nonlinear evolution of instabilities in radiatively driven
stellar winds [140].

The subphotospheric differential rotation [141] associated with the deep envelope
convection [136,137] can also favor the creation of magnetic fields and subsequent magneto-
hydrodynamical instabilities that end up with sporadic mass ejections, e.g., [142].

The low probability that Be stars are critical rotators (see discussion on this issue in
Section 7.4), the simultaneous presence of rapid and slow stellar winds, discrete mass
ejections, and the existence of surface ‘hidden’ magnetic fields in Be stars justifies the
above short recall of the CD models, which aims to focus attention on the scBD. Their
correct physical modeling might provide clues to understanding the complex physics that
organizes the formation of CDs in Be stars.

2.6. BCD Parameters of B and Be Stars in Clusters

Spectroscopic investigations of open galactic clusters are generally scarce and limited
to a reduced sample of cluster members. To study the physical parameters of galactic
clusters and their individual members, observations of B and Be stars were made in
the BCD spectrophotometric system at the CASLEO observatory in Argentina. These
studies were published in Aidelman et al. [10,143] and Aidelman et al. [144]. Data for
the following open clusters were obtained: Collinder 223, Hogg 16, NGC 2645, NGC
3114, NGC 3766, NGC 4755, NGC 6025, NGC 6087, NGC 6250, NGC 6383 and NGC 6530.
The BCD parameters were derived using the interactive code MIDE3700 [10]. For all the
studied stars, the astrophysical parameters Teff, log g, MV and Mbol were determined. They
enabled determining the ISM extinction in the direction of each studied cluster and to
provide distances and cluster age estimates, stellar masses (M/M�) and ages of individual
stars. They were obtained by interpolation in models of stellar evolution. The relation
between the red-blue gradient of energy distribution and the classical color excess E(B−V)
was redetermined according to the spectral wavelength interval λλ4000− 4600 Å used to
define the BCD-like color gradients.

From a sample of 230 B stars in the direction of the 11 open clusters studied, six new Be
stars were found, including four blue straggler candidates, and 15 B-type stars, called Bdd,
which have a double Balmer discontinuity. Neither of these show line emission features
or previously been reported as Be stars. The spectra of these Bdd may perhaps indicate
the presence of circumstellar envelopes. These data enabled to discuss the distribution
of the fraction of B, Be, and Bdd star cluster members per spectral subtype. The authors
concluded that the majority of the Be stars are dwarfs and their distribution against the
spectral type presents a maximum at the spectral type B2-B4 in young and intermediate-age
open clusters (<40 Myr). There is another maximum of Be stars at spectral type B6–B8 in
open clusters older than 40 Myr, where the population of Bdd stars also becomes relevant.
In conclusion, these results support previous statements that the Be phenomenon is present
along the whole MS phase, from Zero Age Main Sequence (ZAMS) to Terminal Age of Main
Sequence (TAMS). There is clear evidence for the augmentation of stars with circumstellar
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envelopes as the cluster age increases. The Be phenomenon reaches its maximum in clusters
of intermediate age (10–40 Myr), and the number of B stars with circumstellar envelopes
(Be plus Bdd stars) is also high for the older clusters (40–100 Myr).

Figures 6–8 show spectra observed in the CASLEO of cluster Be stars having the scBD
in absorption, cluster Be stars displaying an scBD in emission, and the spectra of cluster
B stars here named Bdd. Figure 9 illustrates the HR diagram obtained using the BCD
parameters of the B and Be stars observed in the cluster NGC 3114.
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In the left panel of Figure 10, the log g parameter values obtained with the BCD
calibrations and those derived using models of stellar evolution are compared. There is an
unexplained difference between both estimates in the 2.7 . log g(λ1, D) . 3.5 interval that
implies overestimated log gevol values by 0.5 dex. However, except for only two objects,
the agreement between the Mbol magnitudes is excellent (right panel of Figure 10).
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2.7. Bn Stars Observed with the BCD System

As noted by, e.g., Cochetti et al. [146], a significant fraction of stars have a spectral
type sub-tagged by the letter ‘n’ or ‘nn’ for showing the presence of ‘nebulous’ or ‘very
nebulous’ metal lines in their spectrum. Given the temperature range covered by most of
these, the rotational origin of their line-broadening is a logical explanation. In particular, Bn
stars are mostly B spectral type MS stars that display broad absorption spectral lines and
broad hydrogen lines in absorption. Because a high rotation rate is an essential factor in the
development of the Be phenomenon, the possible link between Bn and Be stars deserves
a thorough exploration. Mechanisms related to the distribution of the internal angular
momentum can be present with different degrees of intensity in Bn stars, which at some
point of the stellar evolution may enable the star to display the Be phenomenon.

Taking the magnitude-limited sample of well-known bright O-, B-, and A-type stars
in the Bright stars catalog [147], Supplement to the bright stars catalog [148] and errata to both
of them published since then, Zorec [149] attempted to determine the possible difference
existing between the Initial Mass Functions (IMF) of B stars with and without emission lines.
To this end, the assumption was made that: the distribution in the space of Be stars mirrors
that of other B-type stars; the relation between the visible absolute magnitude and mass is
the same for both groups of objects; their main sequence lifetime is, on average, not strongly
different; the star formation rate is constant for each class of objects. These simplifications
imply that the ratio between the IMF of the B and Be stars is determined by the ratio of
the respective present-day mass functions, which are proportional to the respective counts
of main sequence stars [150,151], i.e., ln[Ψ(M|Be)/Ψ(M|B)] ∝ ln[N(Be)/N(B)], where M
is the stellar mass in the interval 3 . M . 20M�, Ψ(M) is the IMF, N(Be) and N(B) are
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the counts of main sequence Be and B stars, respectively. The function ln[N(Be)/N(B)]
against ln M is shown in Figure 11. The extrapolation of the regression line obtained
for stars from spectral types B0–B7 and the stellar counts of stars cooler than B7 readily
shows that there may be approximately 150 missing, still undiscovered, or ‘latent’ Be stars.
This estimate approaches the number of counted Bn stars in the same magnitude-limited
counting volume.

To the above IMF determination, corrections for the over luminosity of Be stars [18]
and the blurring of absolute magnitude vs. mass relations for fast rotation should be taken
into account [152]. Nevertheless, once these corrections are made, the final estimate of
“missing” Be stars does not changes sensitively [153]. Figure 11a compares B and Bn star
countings. In Figure 11b is shown the (λ1, D) diagram of Be and Bn stars studied in the
aforementioned magnitude-limited volume by Cochetti et al. [146], where it appears that
Bn stars are more frequently found among the late B spectral types.
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Among the reasons that may explain the lack of Be stars with spectral types cooler than
B7 is that, for effective temperatures, Teff . 12,500 K, the average CD temperature in the
effective emitting volume, drops to TCD ∼ 0.6 Teff . 9000 K [109], so that hydrogen atoms
are almost neutral and the recombination rates very low. Thus, there may be potential Be
stars among stars having a late B spectral types which, at the moment, are considered Bn.
On the other hand, B-type stars, having seen pole-on, show apparently thin absorption
lines, but they can be rapid rotators indeed. The actual number of late B-type stars with
high rotation should then be higher than actually found. Finally, it has been shown that the
time scales of internal angular momentum transfer to the external layers responsible for
a more effective reach of the surface near-critical rotation rates are longer for late B-type
stars [154] than for the earlier ones.

Some Bn stars are classified as such in the Bright stars catalog and its Supplement and
have been found to have emission lines, and have since been considered to be Be stars,
e.g., [146,155,156].

Of particular interest is the observation made by De Marco et al. [157] which was
also extensively reported by Aidelman et al. [144] and Cochetti et al. [146], where late
B-type stars have a larger BD than expected for their (Teff, log g) parameters. As much
as it concerns this kind of star in the Cochetti et al. sample, no Balmer line emission has
been seen. In all these cases, the authors suggest the possible existence of a CD. Using
the models of rapidly rotating photospheres, Porter and Townsend [158] leans towards an
explanation involving the gravitational darkening effect induced by a rapid stellar rotation.
Nevertheless, their calculations produce a tiny scBD in absorption, whose magnitude is far
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from the observed stall in absorption. As shown in Figure 8, there is also a case with an
apparent scBD in emission (HD 152853). Perhaps the spectra of a higher resolution than
those shown in this work may indicate whether there is a genuine scBD in emission or a
conjunction of strong spectral lines that give the spectrum such an appearance.

In general, the scBD of Bn stars are not large and show up in absorption. They look
like those in Figure 6 or Figure 8. A discussion on Bn stars using BCD parameters, but
considering these objects as rapid rotators, is postponed to Section 9.

2.8. He-Weak and He-Strong Stars Observed with the BCD System

As compared to the so-called ‘normal’ upper main sequence stars of approximately
the same effective temperature and surface gravity, those having abnormal abundances
of some chemical species are called Ap/Bp stars or chemically peculiar (CP) stars [159].
Moreover, among CP stars, class subdivisions are made: CP1 or Am stars (metallic-line
A-type) which have weak CaII and strong heavy metal lines. These stars do not have
large-scale organized magnetic fields. Many of them may not be magnetic at all. They are
called CP2 when it comes to Si, Cr and SrCrEu Ap stars, CP3 or HgMn stars (CP3), there
are also CP4 or B-type objects with excessively weak or abnormally strong lines of He I.
According to the strength of the HeI lines, they are called He-weak and He-strong stars,
which represent the high-temperature tail of Ap/Bp stars [160]. The interaction of variable
multipolar magnetic fields with the gravitational and radiative diffusion processes induces
non-homogeneous distributions of different chemical elements. On the contrary, CP1 and
CP3 do not have such strong magnetic fields.

Knowing that the determination of astrophysical parameters (effective temperature,
surface gravity, visual and bolometric absolute magnitudes) for these stars is often much
more complex than for normal stars due to their abundance anomalies. Several methods
were employed by Cidale et al. [161] to study the evolutionary status of stars and the
physical processes that take place in their atmospheres and interiors. Among these is the
BCD spectrophotometric method carried out on low-resolution spectra obtained at the
CASLEO Observatory in Argentina. The parameters thus obtained were compared to
those estimated through integrated fluxes, which enable simultaneously obtaining effective
temperatures and angular diameters and to parameters drawn from the fitting of the
observed energy distributions with non-LTE models atmosphere calculations for different
He/H abundance ratios. The non-LTE synthetic spectra were obtained with the TLUSTY
and SYNSPEC codes and references therein [162], assuming the following He/H ratios:
0.1, 0.2, 0.5 and 1.0. From the TLUSTY website, the atomic models were taken, i.e., 9 levels
for HI, 20 individual levels for HeI and 20 levels for HeII. The stark broadening of HeI
lines are from Dimitrijevic and Sahal-Brechot [163,164] or computed with approximate
relations [165]. A microturbulence velocity of 2 km s−1 was used. All spectra were reduced
to the resolution of the spectra observed in CASLEO.

Cidale et al. [161] concluded that the effective temperatures, surface gravities, and
the bolometric absolute magnitudes of He-weak stars estimated with the BCD system
agree well with those issued from the integrated flux method and with other estimates
previously derived based on several different methods found in the literature. There
are, however, discrepancies between the absolute visual magnitudes derived using the
HIPPARCOS parallaxes and the BCD values by approximately ±0.3 mag for He-weak stars
and ±0.5 mag when it comes to He-strong stars. For He-strong stars, we note that the
BCD calibration, based on stars in the solar environment, leads to overestimated values
of Teff. Using model atmosphere calculations with enhanced He/H abundance ratios, it
was noted that the larger the He/H ratios, the smaller the BD, which explains the Teff
overestimation. Nevertheless, these calculations enabled introducing a method to estimate
the He/H abundance ratio in He-strong stars based on the BD discrepancy δD

δD = −0.056

[
1− 0.233

(
Teff

104

)0.974
](

He
H

)
(10)

82



Galaxies 2023, 11, 54

It is worth noting that the behavior of HD 37479 was observed at different epochs
and showed near-UV flux, Balmer jump and line intensity variations, while the Paschen
continuum does not seem to undergo detectable changes [161]. The intensity of H lines
increased when that of He I lines decreased, and the near-UV flux was lower. A noticeable
difference was detected in the equivalent widths of spectral lines (∼30%) and on the He/H
line ratio as measured in short periods. There was also some flux excess in the Balmer
continuum near the BD, reminiscent of the scBD seen in Be stars, although such a flux
excess in He-strong stars needs to be studied to see whether it is a matter of emission. On
the contrary, it was proven that the stellar Teff remains relatively unchanged when there
are substantial variations of He and H lines. Figure 12 shows the difficulties of obtaining
the best fit with the model atmosphere calculations of energy distributions of He-strong
and He-weak stars.

As much as it concerns the evolutionary status of He-weak and He-strong stars, both
types of He-peculiar stars seem to be in the MS evolutionary phase. The He-strong stars are
situated roughly within the Teff & 19,000 K region of the HR diagram, and the He-weak are
in the Teff . 19,000 K zone. However, the Mbol determinations for a much larger number
of He-strong and He-weak stars are desirable to obtain more significant insights into their
evolutionary status.

2.9. B[e] Stars Observed with the BCD System

The B[e] stars are identified according to criteria used in previous studies, such as Allen
and Swings [166,167] and Zickgraf [168]. They encompass the four main characteristics
that can be expressed in terms of physical conditions that characterize the circumstellar
medium (CM) around the stars [169]. They are: (1) strong Balmer emission lines; (2) low
excitation permitted emission lines of predominantly low ionization metals in the optical
spectrum, e.g., Fe II; (3) forbidden emission lines of [Fe II] and [O I] in the optical spectrum;
and (4) a strong near- or mid-infrared excess due to hot circumstellar dust.

Lamers et al. [169] reviewed the classification criteria of the B[e]-type stars in terms of
physical characteristics of the stars and of the circumstellar matter (CM). According to their
physical characteristics, Lamers et al. [169] suggested that instead of the name ‘B[e] stars’,
that the term ‘B[e] phenomenon’ be used. These authors identified five different classes of
stars which show the B[e] phenomenon: (a) B[e] supergiants, named in short ‘sgB[e] stars’;
(b) pre-main sequence B[e]-type stars, or ‘HAeB[e] stars’; (c) compact planetary nebulae
B[e]-type stars, or ‘cPNB[e] stars’; (d) symbiotic B[e]-type stars, or ‘SymB[e] stars’; and (e)
unclassified B[e]-type stars, or ‘unclB[e]’ stars. Several classification criteria for each group
have been specified to more clearly describe their characteristics. In some cases, stars can
satisfy more than one of these criteria; their evolutionary phase is not obvious. If so, the
stars are said of unclear type, or ‘unclB[e]’ class.

The sgB[e] stars form the most homogeneous group of B[e] stars. It is formed by B-type
supergiants, and most of them were discovered in the Large Magellanic Cloud (LMC) and
Small Magellanic Cloud (SMC) [170–176]. Objects with similar characteristics were also
identified in the Galaxy, e.g., [177–179]. The properties of sgB[e] stars were reviewed by
Zickgraf [168] and Kraus [180]. The main criteria defining them are: (a) that the stars show
the B[e] phenomenon; (b) they should be supergiants with log L/L� & 4.0; (c) there must
be indications of mass loss in the optical spectrum, e.g., P Cygni profiles of the Balmer lines,
or double-peaked Balmer emission lines with violet shifted central absorption; (d) hybrid
spectra, i.e., simultaneous presence of narrow low excitation emission lines and of broad
absorption features of higher-excitation lines; (e) enhanced N-abundance with abundance
ratio of N/C > 1 or an enhanced He/H ratio, which indicates that the star, indeed, is in
an evolved evolution stage where the products of the CN-cycle have reached the stellar
surface; (f) in the Galaxy, they have a high extinction with AV & 3 mag confirmed by the
presence of strong interstellar bands, because they are probably massive stars located at
large distances in the galactic plane; and (g) generally, the photometric variations of B[e]
supergiants are minor, roughly from 0.1 to 0.2 mag.
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Figure 12. Examples of energy distributions of He-strong (a,b) and He-weak stars (c,d). Fluxes are
normalized to the flux at λ4250 Å. Observed fluxes are marked with solid blue lines, while models
are shown with red dotted lines. The figure is adapted from Cidale et al. [161].

In the case of HAeB[e] stars, apart from showing the B[e] phenomenon, these are:
(a) associated with star-forming regions, although in some cases they seem to be isolated;
(b) they show spectroscopic evidence of accretion or infall of matter on the star, evidenced
by the presence of inverse P Cygni line profiles; (c) these objects have log L/L� . 4.5,
suggesting that they are probably progenitors of stars in the mass range from 2 to about
15 M� [181]; (d) these stars show large irregular photometric variations on time scales from
some days to 103 days, usually characterized by a variable extinction [182]; and (e) the
energy distribution shows the presence of warm and cool dust.

Ciatti et al. [183] suggested that some objects designated as BQ[ ] stars are of low mass,
probably evolving into a planetary nebula. Apart from showing the B[e] phenomenon,
objects designated as cPNB[e] stars have: (a) spectra which indicate they are possibly
nebulae; (b) their luminosity is log L/L� . 4.0; (c) in addition to the forbidden low
ionization lines, there are forbidden emission lines of high excitation, such as [O III], [S III],
[Ne III], [Ar III] and [Ar V]; (d) the spectrum can show evidence for N enhancement due to
an evolved evolutionary phase; and (e) their energy distribution can show the presence of
cold dust (Td < 100 K) as a possible remnant due to the AGB wind.

Symbiotic stars are interacting binaries with a cool giant and a compact hot object [184].
They can present the B[e] phenomenon and are named SymB[e] stars if: (a) the visual
spectrum shows evidence for a cool star, in particular the TiO band, unless the cool star
is heavily obscured; (b) the presence of a late-type stellar spectrum in the near-infrared
is noted.

There are objects showing the B[e] phenomenon, such as HD 45677, HD 50138,
HD 87643, and MWC 349A, which cannot be classified into one of these groups because
they do not fit the criteria for a given class or they can share more than one class. The
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cited objects and roughly half of those in the original list of B[e] stars were considered
unclassified B[e] stars or unclB[e].

Miroshnichenko [185], Miroshnichenko et al. [186] suggested a new classification for
stars with the B[e] phenomenon based on the time of dust formation in their CM. The
properties of the unclassified Galactic B[e] stars were then analyzed again, which enabled to
conclude that these objects are binary systems that are currently undergoing or have recently
undergone a phase of rapid mass exchange associated with a strong mass loss and dust
formation. Since then, the name FS CMa stars (HD 45677) was suggested, and classification
criteria were proposed for the unclassified B[e] stars. However, this does not mean that
the newly presented class contains all the unclB[e] stars. In this context, the star MWC 137
can be mentioned, whose evolutionary state has long been badly defined. The object was
sometimes considered HAeB[e] because of a massive star with an optical nebula embedded
in a dusty and cold molecular gas component. The finding of 13CO, a sign of processed
matter around the central object, excludes the pre-main-sequence nature of MWC 137, and
suggests that the star must be classified sgB[e] [187]. In Kraus et al. [188], a long account
of classifying difficulties of MWC 137 can be found. In this work, a period of 1.93 days
was also found, probably due to stellar pulsation but not to a binary. Let us also mention
that CI Cam, a star with an orbital period of 19.41 days [189], which was first considered
unclB[e], and then the FS CMa candidate, which is now classified as a Galactic sgB[e], which
underwent a dramatic X-ray outburst in 1998 [190]. The classification into the FS CMa may
sometimes be controversial because the binary nature is not straightforward to determine
and the presence of warm dust cannot only be explained by its creation during a mass
transfer episode but also by wind–wind and wind–atmosphere interactions. Moreover,
some FS CMa stars are now considered post-merger objects, as IRAS 17449+2320 [191],
where the Hα line of IRAS 17449+2320 shows night-to-night variability. This is an atypical
phenomenon for FS CMa stars, but notwithstanding present in some of them.

As it comes from the above description of objects with the B[e] phenomenon, one of the
most subtle challenges concerning the knowledge of their nature is to determine their right
evolutionary state. Unfortunately, because the spectra of these objects are strongly marred
by line emissions, flux excesses and high ISM extinctions, it is difficult to determine the
fundamental parameters that can unambiguously reveal their evolutionary state. Because
the BCD system provides parameters that are free from or can be easily corrected for the
ISM extinction and perturbation due to their circumstellar environment, a series of low-
resolution spectra were obtained at the CASLEO Observatory in Argentina of several stars
presenting the B[e] phenomenon. The purpose was to obtain effective temperatures, surface
gravities, and photospheric visual and bolometric absolute magnitudes and determine
their position in the evolutionary diagram. Up to now, some recent papers were published
presenting the BCD parameter determinations of stars with the B[e] phenomenon by
Cidale et al. [28], Aidelman et al. [192] and Arias et al. [193]. However, the first observations
in the BCD system of a star presenting the B[e] phenomenon were carried on HD 45677
from Dec. 1963 to Jan. 1967, during which the star underwent huge flux variations in the
blue and visible spectral region. Burnichon et al. [194] determined the photospheric (λ1, D)
parameters of this object and classified it as B2IV, in agreement with older classifications
dating back to Merrill [195] and Swings and Struve [196,197], who assigned the B2 spectral
type according to the line spectrum. Using observations in the original BCD system from
1959 to 1980, Zorec et al. [198] updated the spectral classification, putting the star in a wider
range of luminosity classes, from B2V to B2III-IV. On the other hand, the spectroscopic
distance derived thanks to the BCD parameters (λ1, D) and the conservative estimation of
the amount of energy absorbed by the circumstellar dust in the far-UV and re-emitted in the
far-IR imposed the choice of a B2V type, which agreed with the HIPPARCOS parallax [199].
In this work, the BCD classification of HD 50138 was given, for which these authors
assigned the B6III-IV spectral type. Thanks to the characterization of the photosphere of
HD 45677, Moujtahid et al. [200] studied the far-UV ISM extinction towards this object. They
disentangled the interstellar and the circumstellar absorption components from each other.
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Both objects, HD 45677 and HD 50138, are considered today of FS CMa class [185]. A
discussion is nevertheless presented in Lamers et al. [169] on whether these stars could be
regarded as of the HAeB[e] class because they are projected towards the southern filament
of the Orion and Monoceros system of molecular clouds. While according to their distance
estimates, they can, in principle, be considered as an isolated HAeB[e] class [201,202] located
in the Gould belt plane between the Orion and Vela complexes, they have large spatial
velocities so that it should not be excluded, they escaped from the Monoceros molecular
clouds. Jeřábková et al. [203] preferred the merger solution for HD 50138, although its
binary nature is not sure [204].

Low-resolution spectra in the λλ3500− 4600 Å wavelength interval of 23 stars pre-
senting the B[e] phenomenon were obtained at CASLEO, Argentina, to determine their
BCD (λ1, D) parameters and subsequent (Teff, log g, Mbol) physical parameters [28]. It was
possible to clearly see the BD in only 15 stars of the observed set. For the remaining stars,
other methods were used to estimate their effective temperatures. In some cases, significant
differences between the effective temperatures derived using the BCD classification system
and those obtained elsewhere, either based on photometric or spectroscopic analysis, imply
spectral-type classification disagreements that range from 2 to 3 up to 6 B sub-spectral
types. It clearly shows the difficulty of determining the photospheric characteristics of
these types of objects and assigning them an evolutionary status. For HD 53179, a double
star system, and for HD 45677 and HD 50138, which are also suspected of being binaries,
Cidale et al. [28] predicted the characteristics of the components that are consistent with
the observed (λ1, D) parameters.

In the study carried out on B[e] stars, the observed stars in the BCD system were
reported by Arias et al. [193]. In this work, authors attempted to improve the spectral
classification and infer the properties of the circumstellar environments in a selected
group of five bright IRAS sources (IRAS 02155+6410, MWC 728, AS 119, MWC 819, and
IRAS 07080+0605). One of them, IRAS IRAS 07080+0605, displays a large infrared excess;
four are unclB[e] stars or FS CMa stars. It was only possible to determine the BCD parame-
ters for the star AS 119, its spectral type, and the (Teff, log g, MV) quantities that enabled
to estimate its spectroscopic distance, which agrees with the HIPPARCOS parallax. Their
medium-resolution spectra in the region of 2.17–2.39 µm and in the L band were shown for
the first time. Infrared features, such as the absorption molecular CO bands and metallic
lines, reveal the presence of a late-type companion in MWC 728 and suggest the possible
binary nature in AS 119. The binary nature of MWC 728 was previously suggested by
Miroshnichenko et al. [205], and that of AS 119 by Miroshnichenko et al. [206]. The star
IRAS 07080+0605 shows evidence of a surrounding cool CO molecular cloud. According to
the L-band spectra, CS molecular emission may be present in MWC 819, which suggests that
the object is a protoplanetary nebula. However, Polster et al. [207] considers that the molec-
ular lines and the late-type spectrum can be produced by a disc. This assumption seems to
be confirmed by the polarimetric observations by Zickgraf and Schulte-Ladbeck [208].

In Figures 13 and 14, there are examples of energy distributions of B[e] stars observed
in CASLEO, Argentina, to determine their astrophysical parameters according to the BCD
system. In these figures, some spectral line identifications are shown. Let us comment
on the spectrum of AS 202 in Figure 13. Miroshnichenko [185] has classified this object as
an FS CMa star and considered it as a binary with an A0-2-type and K-type components.
Other references on this object can be found in Condori et al. [209]. According to this stellar
classification, the features at 4200 and 4686 Å that could belong to HeII are dubious and
require further investigation to decide whether they are lines or spectral glitches. However,
in other spectra of AS 202 and obtained in other recent epochs, not shown here, Balmer
lines have nascent emissions, and some metallic lines have P-Cyg profiles. They can be
taken as signatures of some kind of activity or interaction between components.
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Figure 13. Examples of the energy distributions of B[e] stars without a second component of the
BD in which some spectral line identifications are shown. The spectra were observed at CASLEO,
Argentina. Figure adapted from Aidelman et al. [192].
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Figure 14. Examples of energy distributions of B[e] stars with a second component of the BD in
which some spectral line identifications are shown. The spectra were observed at CASLEO, Argentina.
Figure adapted from Aidelman et al. [192].

Stars in transition phases means that they sometimes show the B[e] phenomenon,
and sometimes the characteristics of luminous blue variables (LBVs) undergo strong and
irregular mass ejection events. At the moment, these changes seem impossible to predict
with stellar evolution models. Moreover, since these stars are deeply embedded in their
circumstellar environments, only a few of them were studied in some detail. To bring new
elements to describe the central objects of these kinds of stars, low-resolution spectra were
obtained for a sample of 14 stars with the B[e] phenomenon and characteristics of LBVs

88



Galaxies 2023, 11, 54

to measure their (λ1, D) BCD parameters [192]. Aidelman et al. [192] were thus able to
determine a complete set of physical parameters and related quantities such as luminosity,
distance modulus and distance for each studied star. In this group, there are two pre-main
sequence HAeB[e] stars, seven main-sequence B[e]-type stars, two B[e] supergiants and
three LBV candidates. With the help of the size–luminosity relation, estimates of the inner
radius of the dusty disc around the pre-MS and MS B[e] stars were obtained. The use of the
BCD system showed its utility in deriving stellar parameters and physical properties of
B-type stars in transition phases. Once this method is combined with near-IR color–color
diagrams, additional elements can help specify the evolutionary stage and character of
B[e] stars. Figure 15 summarizes the results concerning the evolutionary status of stars
studied by Aidelman et al. [192] in two HR diagrams. Figure 15Left displays classical
evolutionary tracks (log L/L�, log Teff) for rotating and not rotating stars. Figure 15Right
shows a spectroscopic HR diagram (sHR) defined according to Langer and Kudritzki [210].
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Figure 15. Left: The HR diagram of the stars studied in Aidelman et al. [192] where the dis-
tances have been calculated using the M(λ1, D) absolute magnitudes (blue squares). The red
circles indicate the positions of stars as if they were located at distances given by Gaia EDR3
(Bailer-Jones et al., 2021). Evolutionary tracks with and without rotation (Ω/Ωc = 0.4 and
Ω/Ωc = 0.0 are from Ekström et al. [145]). Right: The spectroscopic HR (sHR) diagram as de-
fined by Langer and Kudritzki [210]. The dashed black line at log L/L� = 4.6 corresponds to the
Eddington luminosity limit for a hydrogen-rich composition. The numbers identify the studied stars
and the B[e] class classification is indicated in braces: 1 = Hen 3-847 (msB[e]), 2 = FX Vel (msB[e]),
3 = Hen 3-1398 (sgB[e]), 4 = HD 62,623 (sgB[e]), 5 = HK Ori (HAeB[e]), 6 = CPD-24 2653 (msB[e]),
7 = HD 85,567 (evolved msB[e]), 8 = CPD-59 2854 (LBV), 9 = MWC 877 (LBV), 10 = HD 323,771
(HAeB[e]), 11 = HD 52,721 (msB[e]), 12 = HD 53,367 (msB[e]), 13 = HD 58647 (evolved msB[e]),
14 = LHA 120-S 65 (LBV). Adapted from Aidelman et al. [192].

The determination of the astrophysical parameters of B[e] stars is highly challenged
by the physics of these stars and their complicated spectra. The structure of the outermost
atmospheric layers of these objects can be perturbed not only by their possible (interacting)
binary nature but also by the presence of circumstellar gaseous and dusty envelopes or discs,

89



Galaxies 2023, 11, 54

whose structure is still relatively unknown. In B-type stars with high effective temperatures,
the BD is small and subjected to relatively high uncertainties, which also affect the estimate
of the λ1 parameter. However, the BCD parameters depend on the continuum energy
distribution and are thus related to the physical properties of atmospheric layers that on
average are deeper than those in which spectral lines are formed.

The main problem in determining the astrophysical parameters of B[e] stars using
high-resolution spectra is the identification of genuine photospheric lines. Moreover, the
circumstellar environments affect the depth of these lines. These changes can translate
in different ways, into increased absorptions, partial filling up by some emission, and
by the veiling effect. It may then not be surprising that the astrophysical parameters of
some B[e] stars had fundamental parameters that differed according to the methods used
to determine them. It is interesting to note the case of HD 62,623, where the BD and
the λ1 are unambiguously determined. According to them, Aidelman et al. [192] obtain
Teff = 11, 140± 300 K, while Chentsov et al. [211] and Miroshnichenko et al. [212] using
spectroscopy determine Teff = 8500± 000 K.

Although establishing the correct evolutionary phase of a star shows that the B[e]
phenomenon cannot avoid the use of well-determined stellar physical parameters, as those
determined by Aidelman et al. [192] with the BCD system, still other criteria must be
called upon for help. On the one hand, to decide whether the phenomenon concerns the
evolution of a single star or the consequence of merger phenomena implies stellar evolution
in a binary system [213–216]. On the other hand, well-determined rotational parameters
and surface abundances of chemical elements are required, as is the case of sgB[e] stars.
These determinations are needed to decide whether they are in a post-MS evolutionary
phase or share this same place in the HR diagram because they are in the blue loop after
the red supergiant phase [213,217–219]. Similar questions may be raised regarding the
B[e]�LBV transitions.

3. Rotation of B-Type Stars: Theory and Observations
3.1. Introduction

It is not the purpose of the present review to make an exhaustive report on the
structure of rotating stars, but it is worth recalling some concepts that underlay models
currently used to interpret observations, to grasp possible difficulties and needed theoretical
improvements more easily.

In the classical modeling frame of stellar structure, the Vogt–Russell theorem stipulates
that ‘the structure of a star in hydrostatic and thermal equilibrium is uniquely determined by the
total mass M/M� and the run of the chemical composition throughout the stars, provided that the
total pressure P and the specific internal energy, the constituent equations are functions only of the
local density ρ, temperature T and chemical composition’ [220]. In a more simplified way and
for a common user mode, a non-rotating star is mainly characterized by the following re-
duced sets of parameters, the mass M/M�, the radius R/R� and the chemical composition
(X, Y, Z), with the possibility of using whatever possible combination of two independent
quantities from the set (Teff, log g, L/L�, M/M�, R/R�) instead of (M/M�, R/R�), know-
ing that the luminosity L = SσT4

eff and the surface gravity g = GM/R (S is the area of the
stellar surface; σ is the Štefan-Boltzmann constant; G is the gravitational constant).

Rotation upsets this modeling scheme in the sense that its action on the stellar structure
depends on the amount of the global angular momentum stored in the star, J/M (J total
angular momentum) and its internal distribution, i.e., distribution of the specific angular
momentum j(v, z) = Ω(v, z)v2 (Ω is the angular velocity; v and z are the cylindrical
coordinates).

Rotation generates important effects on the structure and evolution of stars. There
are first hydrostatic structural changes because of the centrifugal force, which causes a
thermal imbalance that leads to meridional circulation currents [221], which in turn induce
several hydrodynamical instabilities [222,223] and magnetic instabilities [224–229]. These
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instabilities produce turbulent motions which trigger the mixing of chemical composition
and the redistribution of the internal angular momentum.

It is well known that, given a total angular momentum, the motion implying the least
energy is that of uniform rotation [230]. Although the physical circumstances in the stellar
interiors created by the evolution of stars might then be thought to favor a tendency to
recover uniform rotation, other internal rotation laws can prevail over a long interval of
time, provided they satisfy some general dynamic stability criteria as the Solberg–Høiland
stability criteria against axisymmetric perturbations [229,231].

3.2. Rigid against Differential Rotation; Some Theoretical Principles

Since, in a gaseous rotating body, the specific angular momentum ranges from pole
to equator as j(v = 0, z = Rp) ≤ j ≤ j(v = Re, z = 0) (where Rp is the polar radius; Re
is the equatorial radius), this body can no longer be spherical, but does acquire either an
axisymmetric or triaxial equilibrium configuration, which depends on its internal structure,
amount and distribution of the angular momentum [231,232].

3.2.1. Rigid Rotation of Homogeneous Bodies

In a homogeneous body, the internal density distribution corresponds to a polytrope
with the index n = 0. The solution of hydrostatic equations describing its equilibrium
conditions at rigid rotation produces two kinds of rotational sequences. From the virial
theorem, the results show that the value of the ratio of rotational kinetic energy K to the
gravitational potential W in this case is limited to the range of values 0 ≤ τ = K/|W| ≤ 0.5.
The first sequence of equilibrium configurations is called Maclaurin’s solution and rep-
resents a sequence of axisymmetric spheroids. τ = K/|W| ' 0.14 branches off Jacobi’s
sequence of triaxial ellipsoids, whose mechanical energy is lower than for Maclaurin’s
spheroids and which are thus more stable. However, the analysis of sectorial modes of
oscillation shows that homogeneous Maclaurin’s spheroids and Jacobi’s ellipsoids become
dynamically unstable for τmax = 0.27.

3.2.2. Rigid Rotation of Polytropes with Index n 6= 0

For centrally condensed bodies, i.e., self-gravitating systems with s polytropic index
n 6= 0, there is a maximum value of τcritical = (K/|W|)max that depends on the polytropic
index n at which the rotating configurations terminate, because the surface effective gravity
becomes zero: τcrit(n=0) ' 0.5, τcrit(n=0.81) ' 0.14, τcrit(n=3) ' 0.01 [231]. Thus,
stars in rigid rotation in the Zero Age Main Sequence (ZAMS) and beyond can only be
characterized with very low rotational energies, i.e., τcrit(n&3) . 0.01, so that they can
never acquire a global triaxial ellipsoidal configuration. If the mechanisms of angular
momentum redistribution led to a huge concentration of angular momentum in the stellar
core during the stellar evolution, the core could in principle attain the condition τcrit ' 0.14,
until dissipation takes over and prevents the formation of a triaxial core [233].

3.2.3. Differential Rotation of Polytropes with Index n 6= 0

If for some reason, a self-gravitating object stores more rotational energy than al-
lowed by τcrit at rigid rotation, i.e., the object is necessarily in differential rotation with
τcrit . τ . 0.14, the angular momentum must be redistributed in the stellar interior in
such a way that the Solberg–Høiland stability criterion is satisfied [231], which in a very
simplified way, implies that the Rayleigh dynamic stability condition ∂j/∂r > 0 (where r is
the radial coordinate) is obeyed over the entire internal structure of the object.

The dynamical instability of rotating homogeneous spheroids and ellipsoids against
sectorial modes of oscillation noted in Section 3.2.1 also appears in differentially rotating
polytropes (n 6= 0), but for values of 0.24 . τmax . 0.27, where the value of τmax depends
on the index n and on the law of internal differential rotation [231].

It is worth noting that the amount of total specific angular momentum a star can store
depends on the energy ratio τ and it is roughly (J/M) ' 1.83 1018(MR)1/2τ0.57 cm2s−1.
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3.2.4. Barotropes and Baroclines

An object rotating with a conservative rotation law, i.e., the angular velocity depends
only on the distance v to the rotation axis (∂Ω/∂z = 0, i.e., angular velocity constant
over cylinders) is said barotrope. According to Poincaré–Wavre’s theorem, as can be
seen in [231] (p. 78), in barotropes, the shape of the star and the effective gravity can be
derived from a potential, the effective gravity is perpendicular to surfaces of constant
density (isopycnic surfaces) and the surfaces of equal pressure (isobars) and the isopycnic
surfaces coincide. Otherwise, when the internal angular velocity is a function of both
cylindrical coordinates, Ω = Ω(v, z), the rotation law is said non-conservative and the
stellar structure is considered barocline. In that case, the above listed properties derived
from Poincaré–Wavre’s theorem are not obeyed anymore.

Rigid rotation is very frequently used to construct models of rotating stars, and it is a
particular case of barotropes characterized by the special conservative law Ω = constant
that holds over the entire stellar structure.

3.3. Geometry of Rotating Stars

Assuming that stars have genuine axial rotation, their geometry is shaped by the
equilibrium established between the gravitational and the inertial centrifugal force. Since
the centrifugal acceleration is larger, the larger the distance of regions from the rotational
axis is, the more stellar layers are enlarged steadily from the pole towards the equator.
Moreover, because rotating stars behave as having lower effective masses (see Section 3.5),
the lower the effective mass becomes, the larger the core density is [234,235]. As polar
regions undergo lesser centrifugal accelerations, the increased gravitational force in these
directions and the increased central density produce a polar flattening or dimple, whose
depth depends on the rotational law and the amount of angular momentum stored in the
star [236].

The calculation technique of the geometry of a rotating star depends on whether
the rotation law is conservative, Ω = Ω(v) or not conservative Ω = Ω(v, z). When
conservative rotation laws are assumed, the effective gravity geff at any point in the star is
given by [231]

geff = −∇Φ(v, z) (11)

where Φ(v, z) is the total potential function

Φ(v, z) = ΦG(v, z)−
∫ v

0
Ω(v′)v′ dv′ (12)

where the rotational potential is added to the gravitational potential ΦG(v, z). The rota-
tional potential exists only if the rotation law is conservative. The gravitational potential is
related to the density ρ(v, z) through the Poisson equation

∇2ΦG(v, z) = 4πGρ(v, z) (13)

with G as the constant of gravitation. Equations (12) and (13) can be solved simultaneously
using the iterative self-consistent field (SCM) method introduced by Ostriker and Mark [237],
largely used in the literature to study stellar structure and evolution with rotation in the
original form, or with some modifications, e.g., [234,235,238–244]. A somewhat different
method to calculate rotating stellar structures was introduced by Endal and Sofia [245],
where the equipotential surfaces have the role of an independent parameter. Iterative
methods based on the integrated form of the Poisson equation were introduced by Eriguchi
and Mueller [246], Hachisu [247] and Eriguchi and Mueller [248] (see also references in
those papers). An elegant two-dimensional finite-difference iterative technique applied to
the problem of finding the gravitational potential associated with an axisymmetric density
distribution was introduced by Clement [137,249].
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Methods to calculate baroclinic stellar structures (i.e., stellar structures with non-conservative
rotation laws) were developed by Uryu and Eriguchi [250], Uryu and Eriguchi [251]
and Fujisawa [252]. To date, the most extensively used baroclinic models are those calcu-
lated by Meynet and Maeder [253] and Meynet and Maeder [254], and with some modifi-
cations by Heger et al. [255].

The turbulence in the stellar interior related to the differential rotation produced by
the evolution and transport of the angular momentum is anisotropic and characterized by
a strong horizontal transport that favors the establishment of a constant angular velocity
on isobars, called a ‘shellular’ angular velocity distribution. On account of this specific
differential rotational law, in Meynet and Maeder [253], the following auxiliary function
was defined

Ψ(v, z) = Φ(v, z)− 1
2

Ω(v, z)v2, (14)

which has the property of determining surfaces Ψ(v, z) = constant that are parallel to
isobaric surfaces, which is also useful to obtain relations that enable prediction the observa-
tional parameters affected by rotation.

The calculation of parameters that can be tested with observations also needs specific
expressions describing the geometry of the stellar surface. In general, it is accepted that the
gravitational potential of rotating centrally condensed objects can be given by a multipole
expansion [256]

ΦG = − GM
R(θ)

[
1−

∞

∑
n=1

(
Ro

R(θ)

)2n
J2nP2n(cos θ)

]
, (15)

where Ro is the radius of the undistorted star by rotation, J2n are the zonal harmonic
coefficients and P2n(cos θ) are the Legendre polynomials. To calculate the geometry of a
rotating stellar surface, Equation (15) is considered with all coefficients J2n = 0, which is
then known as the Roche approximation. When the stellar surface is assumed to rotate
as a rigid body, Ω = constant, Equation (12) is considerably simplified. Considering
ΦG = constant, from Equation (12), the equation giving the radius vector R(θ) for any
azimuthal angle θ of the rotating stellar surface is given by

GM
R(θ)

+
1
2

Ω2R(θ)2 sin2 θ =
GM

Rp(η)
=

GM
Re(η)

+
1
2

Ω2Re(η)
2 (16)

where Rp and Re are the polar and the equatorial radii, respectively, and η = Fc/Fg is the
force ratio of the centrifugal acceleration Fc to the gravitational acceleration Fg

η = (V/Vc)
2(R/Rc) (17)

where V is the equatorial linear velocity and Vc is the equatorial critical velocity. Equa-
tion (16) admits the widely known analytical solution for the radius vector R = R(θ),
e.g., [257], which describes the shape of the stellar surface at rigid rotation

R(θ)
Re(η)

=

(
3

1 + 1
2 η

)(
1

ε sin θ

){
cos

1
3
[π + arccos(ε sin θ)]

}
(18)

with the additional definition

ε =

(
3

2 + η

)(
3η

2 + η

)1/2
(19)

Using the algorithm by Clement [249] and barotropic representations P = P(ρ)
adapted for the stars of masses M = 5M� and M = 15M� at evolutionary stages near
the ZAMS and the TAMS, rotating either as rigid or differential rotators with conservative
rotation laws of the form (see details in [141])
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Ω(v) =
Ωo

1 + β(v/Re)n , (20)

where β is a free parameter, and the obtained iso-density surfaces are shown in Figures 16 and 17.
Let us note that horizontal shear instabilities will probably destroy the cylindrical differen-
tial rotation enforcing a ’shellular’ rotation law [222,223,229]. According to these assump-
tions, the polar dimples have a low probability of existing in ’normal’ stars. However, it has
been shown in this review that new approaches on the rotating stellar structures suggest
that the internal rotational profile should neither be rigid, cylindrical or shellular. In their
discussion of stellar shapes with polar dimples, Smith and Collins [236] concluded that the
predicted photometric effects are not present in the observational literature, which suggests
that strong differential rotation is not common among stars. In a previous work by Collins
and Smith [258] also dedicated to the photometric effect of cylindrical differential rotation
in the A stars, concluded that “photometry alone can only put rather weak constraints on
the degree of differential rotation within stars”.
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Figure 16. Rigid rotators. (a): Iso-density surfaces in model stars of M = 5M� in the ZAMS rotating
at (a1) Ω = 0; (a2) Ω = 0.85Ωc; (a3) Ω = Ωc = 1.92× 10−4 s−1; (b): Iso-density surfaces in stars of
M = 5M� in the TAMS rotating at (b1) Ω = 0; (b2) Ω = 0.85Ωc; (b3) Ω = Ωc = 4.79× 10−5 s−1. The
iso-density surfaces are labeled with the corresponding density ratios ρ/ρc, which are the same in all
panels of the figure. Adapted from Zorec [20], Zorec et al. [141].
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Figure 17. Differential rotators. (a): Iso-density surfaces in model stars of M = 15M� in the ZAMS
having the internal rotation law (20) whose parameters Ωo/Ωcr and β are indicated: (a1) β = 4.0,
Ωo/Ωcr = 4.0; (a2) β = 6.0, Ωo/Ωcr = 7.0; (a3) β = 8.0, Ωo/Ωcr = 9.6. Ωcr is for the critical rigid
rotation. The iso-density surfaces are labeled with the corresponding density ratios ρ/ρc, which are
the same as in Figure 16 and for all panels of this figure. (b): Iso-density surfaces in the model stars
of M = 15M� in the TAMS having the internal rotation law (20), whose parameters Ωo/Ωcr and β

are indicated: (b1) β = 4.0, Ωo/Ωcr = 4.0; (b2) β = 6.0, Ωo/Ωcr = 7.0; (b3) β = 8.0, Ωo/Ωcr = 8.5.
Ωcr is for the critical rigid rotation. In each panel, the ordinates are in the same scale as the abscissas,
but they differ from one to the other panel. Adapted from Zorec et al. [141].

When it comes to non-conservative rotation laws, it is no longer possible to define a
rotational potential. In such cases, Maeder [229] suggested that the surface of a star can
be identified as the region where an arbitrary displacement ds does not imply any work
performed by the effective gravity, i.e., geff.ds = 0. It can then be shown that the effective
gravity can be expressed in the form

geff = −[∇Ψ(v, z) +
1
2

v2∇Ω2] , (21)

where the function Ψ is defined in Equation (14) so that that the condition geff.ds = 0 can
be given the form

dΨ(v, z) +
1
2

v2(∇Ω2.ds) = 0 , (22)

whose integration over a meridian curve leads to the relation

ΦG(θ)−
1
2

Ω2(v, z)v2 +
1
2

∫ θ

0
v2(∇Ω2.ds) = ΦG(0) , (23)

which is the equation required to calculate the shape of a star having non-conservative
rotational laws. However, with the following change in coordinates describing the stellar
surface vs(θ) = Rs(θ) sin θ and zs(θ) = Rs(θ) cos θ, whilst the integration by parts of
Equation (23) produces

ΦG(θ)−
1
2

∫ θ

0
Ω2

s(θ
′)
(

dv2

dθ′

)
dθ′ = ΦG(0) . (24)
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that with the definition ΦG(θ) = −GM/Rs(θ) can be put in the following more workable
form

Rs(θ)

Re
=

1
1 + ηo[I(π/2)− I(θ)]

I(θ) =
1
2

∫ θ

0

[
Ωs(θ′)

Ωo

]2(dv2

dθ′

)
dθ′ .

(25)

In relation (25), the function Rs(θ) that describes the geometry of the stellar surface
also appears in the integrand in terms of v, Rs(θ) is obtained by iteration. Using the
Maunder representation of the surface angular velocity as a function of the azimuthal angle
θ given by

Ω(θ) = Ωo(1 + α(cos2 θ)) , (26)

geometrical shapes of stellar surfaces such as those shown in Figure 18 can be easily
obtained. Since in Equation (25), it is I(0) = 1/2, for rigid rotation, this relation acquires the
known form

Re

Rp
= 1 +

1
2

η (27)

The value of Rp for rigid rotation can be estimated using the interpolation expression
obtained in Frémat et al. [259] by interpolation in models of rotating stars calculated by
Bodenheimer [235], Clement [137], and Zorec [20]

Rp

Ro
= 1− P(M/M�)τ

P(M/M�) = 5.66 +
9.43

(M/M�)2

τ(η) = K/|W| = [0.0072 + 0.008η1/2]1/2.

(28)
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Figure 18. Geometrical shape of stars having the average surface rotational parameter ηo = 0.7, and
latitudinal differential rotations given by Equation (26) for several values of the parameter α. The
rigid rotation (α = 0) is indicated by the red line.

3.4. On the Critical Rotation Rates

From the relations in Equations (27) and (28), the radii of the stars at critical rigid
rotation Rc(M, t)/Ro(M, t) can be calculated as Ro is the stellar radius without rotation.
Thus, the equatorial critical linear velocity is [127]
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Vc = 436.7
[

M/M�
Rc(M, t)/R�

]1/2
km s−1, (29)

When characterizing stars rotating at critical rotation rates, it may be worth recalling
the following relations between the ratio of angular velocities Ω/Ωc, the ratio of linear
velocities V/Vc at the equator and the equatorial acceleration η ratio

V/Vc = (Ω/Ωc)(R/Rc)

η = (Ω/Ωc)
2[R(Ω/Ωc)/Rc]

3 (30)

where (Ω, Ωc) and (R(Ω/Ωc, Rc) are the angular velocities and equatorial radii, with the
subindex ‘c’ indicating the respective parameters at critical rotation. The parameter η and
the velocity ratios compare to each other as

η ≤ V/Vc ≤ Ω/Ωc, (31)

which is worth recalling because we frequently refer to a near-critical rotation when
Ω/Ωc ' 0.95 actually corresponds to V/Vc ' 0.83 and to η = 0.60, which cannot be
considered as a critical equilibrium condition in terms of forces. In Figure 19, these quanti-
ties are compared, where the error bars indicate the differences due to stellar masses and
ages on the MS of early-type stars.
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Figure 19. Angular velocity ratio Ω/Ωc as a function of η. The uncertainty bars indicate differences
for masses and ages in the main-sequence phase. It is shown that the Ω/Ωc ' 0.95 (red line) iden-
tifies the force ratio η ' 0.6. The ratio V/Vc ' 0.95 (red line) corresponds to η ' 0.86. Adapted
from Zorec et al. [260].

3.5. Notes on the Stellar Effective Mass, Total Energy Production and Age

An important effect related to the reduction in the local gravitational force due to the
centrifugal force is that it makes a star behave as an object with a lower effective mass

Meff = M− ∆M
∆M/M = (2/3)〈Fc/Fg〉P

(32)

where 〈Fc/Fg〉P represents the pressure-averaged ratio of the centrifugal to gravitational
acceleration [261,262]. A larger ∆M/M ratio means a lower stellar mass, but the global
lowering of the stellar effective mass, proportional to the stellar mass, is larger the higher
the total angular momentum content is. This effect also controls the radiative energy
production, e.g., [137,235,244,263,264]. The lowering of the emitted bolometric luminosity
calculated by Clement [137], Bodenheimer [235], Sackmann [262] can be represented with
the following interpolation relation [259]
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L(η, M/M�) = Lo(M/M�) fL(η, M/M�)
fL(η, M/M�) = A(M/M�) + [1− A(M/M�)] exp[B(M/M�)τ(η)]

A(M/M�) = 0.675 + 0.046(M/M�)1/2

B(M/M�) = 0.52.71 + 20.63(M/M�)1/3
(33)

where Lo(M/M�) is the bolometric luminosity emitted by the parent non-rotating star,
and η = Fc/Fg is defined in Equations (17).

Due to a lower effective mass, rotating stars begin evolving in the ZAMS at a some-
what lower effective temperature and bolometric luminosity than corresponding to a
non-rotating star having the same mass. As evolution goes on, chemical mixing provides
new opacity conditions to the stellar envelope and the bolometric luminosity augments so
that the evolutionary paths in the MS run over those of stars of the same mass and without
rotation [229]. Since rotating stars evolve as having a lower effective mass, they evolve with
longer evolutionary time scales, which, additionally, are sensitively prolonged due to the
hydrogen dredged into the extended convective core by overshooting, as provided by the
meridional circulation [265]. In massive stars, the mass-loss phenomenon through stellar
winds also has a significant impact on the stellar evolution in the MS, e.g., [145,229]. To
the mass-loss phenomena, the sporadic huge mass ejections should also be added, whose
triggering mechanisms and total amount of ejected mass are still not well explained. These
take place in Be stars, which are rapid rotators (see Section 2.5.3).

3.6. Effects of the Rotation on the Emitted Radiation Field

Rotating stars of high and intermediate mass can be described assuming that they
have a photosphere in radiative and hydrostatic equilibrium. According to the radiative
equilibrium, the temperature gradient is proportional to the emitted radiation flux and the
pressure gradient is proportional to the effective gravity

∇T ∝ Frad
∇P ∝ geff.

(34)

The detailed analytical treatment of these equations led to a relation that describes
the emergent radiative flux as a function of the latitudinal coordinate θ and is commonly
known as the gravity darkening relation

Frad(θ) = σSBT4
eff(θ) =

L
4πGM

f (θ)geff(θ)
β (35)

called the von Zeipel theorem [266], which describes the non-uniform distribution of the
emitted radiation flux or the surface effective temperature as a function of the stellar
latitude. In Equation (35), σSB is the Štefan–Boltzmann constant, L is the stellar bolometric
luminosity, G is the constant of gravitation, M is the stellar mass, f (θ) is the gravitational
darkening function and geff is the surface effective gravity. Physically, von Zeipel’s theorem
can be understood in terms of a radiation field flowing out of the star isotropically. As a
consequence of the geometrical deformation of the star, the stellar surface covering a given
solid angle gains less energy per unit of surface in the equator than for the same solid angle
does in the polar region.

The theorem raised the known von Zeipel’s paradox, which stipulates the impossi-
bility of having stable barotropic stellar models in radiative equilibrium, e.g., [267]. This
produces the setting up of a permanent meridional circulation due to the latitudinal thermal
imbalance between the pole and the equator.

In the original von Zeipel’s formulation for stars in rigid rotation, the gravity darkening
term f (θ)geff(θ) = is written as c(η)gβ

eff, where c(η) and β are independent of θ, and
β = constant = 1 for radiative envelopes, while β = constant ' 0.32 for convective
envelopes [268,269]. The original von Zeipel gravity-darkening law holds only for stars
with a conservative rotation law and radiative atmospheres in which the transfer of energy
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is approximated by a diffusion equation. Using radiation transfer equations, Smith and
Worley [270] showed that, if meridional circulation is neglected, the gravity darkening (GD)
relation is approximately Frad(θ) ∝ geff(θ)

1/2 and it recovers its original form Frad(θ) ∝
geff(θ) if meridional circulation is taken into account. However, according to these authors,
for non-conservative rotation laws, there is no a simple relation between Frad(θ) and geff(θ).

The GD relation in Equation (35), in spite of the noted θ−dependencies, is still fre-
quently written as

σSBT4
eff(θ) = κ(η)geff(θ)

β(η) (36)

where β(η) is considered independent of the stellar colatitude θ (for the definition of η see
Equations (17) and (30)). In such a case, we have [127]

β = 1− 2
3

[
ln(1− η) + η(1 + η/2)−3

ln(1− η)− 2 ln(1− η/2)

]
.

This relation shows that β=1 for η = 0 and β=1/3 when η = 1. The current interferometric
imaging and modeling of rapidly rotating atmospheres produce inferences of the gravity-
darkening exponent in intermediate-mass stars βpbs . 1, e.g., [271–276].

Kippenhahn [277] studied the GD relation for non-conservative rotation laws and
showed that β ≤ 1, whose value depends on the specific rotation law. Maeder [278]
considered the case of a rotating star with the non-conservative “shellular” profile of the
form Ω = Ω(r), where r is the radial coordinate of an associated spherical star. In this case,
the star is baroclinic and the properties valid for barotropic structures cannot be applied. He
considered that all intervening quantities can be developed linearly around their average
on an isobar. For chemically homogeneous stellar surfaces in radiative equilibrium where
horizontal flux contributions are ignored, he obtained the expression for the emerging
bolometric radiation flux

F(θ) ∝ geff[1 + ζ(θ)] (37)

where the additional term favors a flux increase in the polar regions and a decrease in the
equatorial zone. In more recent formulations of von Zeipel’s theorem, also useful for stellar
surfaces in differential rotation, the gravity-darkening function in Equation (35) is no longer
a constant but a complex function of the surface angular velocity Ω(θ) that, following
Maunder and Maunder [279], can be written as [260,280]

Ω(θ) = Ωo

{
1 + α[cosk(θ); sink(θ)]

}
(38)

where α and k ≥ 0 are fitting parameters. The sign of α indicates whether the angular
velocity Ω(θ) is accelerated towards the pole or towards the equator. Espinosa Lara and
Rieutord [280] and Zorec et al. [260] showed that, if the original form of the gravitational
darkening relation is conserved, due to the dependence of the function f with (θ, η, α, k),
the exponent β averaged over the stellar surface becomes a strong function of (η, α, k).

The most outstanding consequence of the von Zeipel theorem and the geometrical de-
formation of the star induced by the rotation is that the spectrum emitted by a rotating stars
is dependent on the aspect angle under which the object is observed, e.g., [281,282]. This
happens in particular for the observed absolute bolometric luminosity, and consequently,
also for the visual absolute magnitude.

Due to the lowering of the production of the stellar radiative energy, its geometrical
changes and the gravitational darkening effect, the position of a rotating star in the HR
diagram depicted just with fundamental parameters averaged over the surface, i.e., 〈Teff〉;
〈L〉 = σSBS〈Teff〉4 with respect to another object without rotation, will tend to be at a lower
bolometric luminosity and at a lower effective temperature [235,283,284]. However, the
detailed position of a star in the HR diagram still depends on the precise values of the
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apparent quantities (log L(i), Teff(i)), which in turn rely on the internal rotation law on the
amount of stored angular momentum, and on the inclination angle i of the rotation axis
with respect to the observer [285–287].

3.7. ‘Apparent’ and ‘Parent Non-Rotating Counterpart’ Parameters

The spectrum of a rotating star can be represented as the integrated flux of radiation
emitted per unit of wavelength interval per steradian in the direction towards the observer
defined by the aspect angle i (inclination angle between the stellar rotation axis and the
line of sight). It is given by [281,282,288]

Lλ(η, i) = 2
∫ π/2

0
d φ

∫ π

0
IλR2(θ, η)

|µ|
cos δ

sin θ dθ (39)

where R(θ, η) is the co-latitude θ−dependent radius vector to the surface of the star dis-
torted by rotation; µ = µ(φ, η) = n̂.ι̂ (n̂ is the unit vector normal to the stellar surface and ι̂
is the unit vector representing the direction of the line of sight); cos δ = cos δ(θ, η) = −n̂.r̂
(r̂ is the unit vector in the direction of R(θ, η)); Iλ = Iλ(µ, η) is the µ−dependent monochro-
matic specific radiation intensity calculated for the local effective temperatures Teff(θ, η)
and surface effective gravity geff(θ, η).

To study the effects of fast rotation on the fundamental stellar parameters it is useful
to use two types of fundamental parameters. The reference model parameters of stel-
lar atmospheres in radiative and hydrostatic equilibrium at each point of the observed
hemisphere to calculate Equation (39), are called ‘parent non-rotating counterpart’ (pnrc)
fundamental parameters and are noted as Tpnrc

eff , log gpnrc and Lpnrc (bolometric luminosity).
The fundamental parameters obtained by fitting the spectral energy distribution in a given
spectral domain λ1 ≤ λ ≤ λ2 using classic plane-parallel model atmospheres in radiative
and hydrostatic equilibrium take the name of ‘apparent fundamental parameters’, Tapp

eff ,
log gapp

eff and Lapp. The apparent, hemisphere-dependent bolometric luminosity, effective
temperature, effective gravity and rotation parameter (τ or η, which are synonymous for
models that are considered rigid rotators in the ZAMS) are then functions of at least seven
unknowns: mass M/M�, age t/tMS (tMS is the time a star can spend in the MS evolutionary
phase), initial metallicity Z, equatorial rotation parameter η, surface differential rotation
(Maunder) parameter α and power βGD in the von Zeipel relation and the inclination angle i

Tapp
eff = Tpnrc

eff (M, t) CT(M, t, η, Z, i)
gapp

eff = gpnrc
eff (M, t) CG(M, t, η, Z, i)

Lapp = Lpnrc(M, t) CL(M, t, η, Z, i)
(Vsin i)app

Vc(M, t)
=

[
η

Re(M, t, η, Z)/Rc(M, t, Z)

]1/2
sin i− Σ(M, t, η, Z, i)

Vc(M, t)
,

(40)

where Re(M, t, Z, η) and Rc(M, t, Z) stand for the actual and critical stellar equatorial radii,
generally determined using the 2D models of rigidly rotating stars as in Zorec et al. [141] and
Zorec and Royer [289]. The functions CT(M, t, η, Z, i), CG(M, t, η, Z, i), and CL(M, t, η, Z, i)
carry all the information relative to the geometrical deformation of the rotating star and of
its GD over the observed hemisphere. The last equation of the system Equation (40), which
determines the equatorial linear rotational velocity, contains the correction term Σ that takes
the Stoeckley effect into account (see Section 5.4). The dependence on the βGD exponent
of the gravitational darkening is also included in log gapp and (Vsin i)app, because their
prediction is based on spectral lines affected by the GD. The above five-fold parametric
dependency is also valid for the equivalent widths Wλ of spectral lines, the line FWHM,
the zeroes qn of the Fourier transform of spectral lines, as well as the energy distributions
and spectrophotometric parameters such as (λ1, D) of the BCD system, which are highly
sensitive to (log gapp, Tapp). For completeness, it must be noted that the functions CT, CG,
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and CL also depend on the differential rotation law and on the specific relation representing
the von Zeipel gravitational darkening. However, the system of Equation (40) must be
completed with relations giving the surface-averaged fundamental parameters, because
they are required as entry quantities to the models of stellar evolution with rotation to infer
the mass M and the age t [145,254,290]

〈Teff〉 = Tpnrc
eff (M, t, Z)FT(M, t, η, Z)

〈geff〉 = gpnrc(M, t, Z)Fg(M, t, η, Z) (41)

In Figure 20, the functions CL, CT and CG calculated with the code FASTROT [61,127,259]
are shown. In these references, the details concerning the solution by iteration of
Equations (40) and (41) can also be seen. From Figure 20, it is apparent that functions
CL, CT and CG can in some cases be weakly dependent on η over the interval 0.8 . η . 1.0,
which introduces a source of indeterminacy of the physical and fundamental parameters.
This can be particularly sensitive when it comes to the estimate of the inclination angle
i. As i is determined once sin i has been determined as a solution of Equation (40), the
error on the estimate of i runs as ∆i ' tan i[∆(V sin i)/V sin i] + ∆V/V, which could be a
significant source of the lack of estimated angles approaching 90o [291]. The distributions
of inclination angle estimates are strongly asymmetrical. An in-depth statistical processing
of these estimates makes it possible to correct the under-estimates that may occur when
i & 70o [292]. Apart from the interferometric inferences of i, the system Equation (40) thus
remains a useful method to determine this quantity in B stars with and without emission,
in contrast to that in Sigut and Ghafourian [291], which can only be applied to Be stars.
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Figure 20. (a) Function CT(M, t, η, i); (b) function CL(M, t, η, i); and (c) function Cg(M, t, η, i). The
pnrc parameters used here are Tpnrc

eff = 20,000, log gpnrc = 3.8 and inclination angles in the interval
0 ≤ i ≤ π/2 at steps ∆i = 10o. (d) Functions FT and Fg are for t/tMS = 0.5 and two stellar masses.
Adapted from Zorec et al. [61,127].

Since a significant part of the present review is devoted to the BCD parameters, it can
perhaps be timely to also show the effects due to the rapid rotation directly on the apparent
BCD parameters (λ1, D), which is given in Figure 21.

Finally, it is worth noting that FASTROT is a calculation code adapted for stellar atmo-
spheres where the plan-parallel approximation is valid. For stellar sufficiently extended
atmospheres, where the mean free path of photons is of the same order as the size of
the atmosphere, curvature effects must be taken into account, because they can modify
the source functions of lines and continua by orders of magnitude, as may be the case
for some B[e] stars. The case of extended spherical atmospheres has already deserved
some attention, as can be seen in, e.g., [293–297]. However, the effect of the atmospheric
curvature also needs to be studied in the frame of rotationally deformed atmospheres,
where the gravitational darkening effect can produce changes in the internal atmospheric
temperature, as briefly mentioned in Section 5.5.1.
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Figure 21. Apparent parameters (λ1, D) modified by the stellar rapid rotation in stars having the indi-
cated pnrc fundamental parameters and for several inclination angles. Adapted from Zorec et al. [61].
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4. CNO Abundances and Stellar Rotation

As already noted in the introduction, the geometrical structural distortions induced by
the rotation cause a thermal imbalance and lead to meridional circulation currents [221] that in
turn induce a number of hydrodynamic [222,223] and magnetic instabilities [226,228]. These
instabilities produce turbulent motions which trigger the mixing of chemical composition
and the redistribution of the internal angular momentum. The predictions of quantities such
as luminosity, stellar lifetimes, surface chemical abundances and mass-loss rates depend
not only on the masses, initial rotation laws in the ZAMS and metallicity, but also on the
prescriptions used to calculate the multiple diffusion coefficients that characterize the chemical
and angular momentum diffusion. Extensive tests of surface chemical abundances of He
and CNO abundances synthesized in the rotating stellar core were carried out in B and
Be stars in the Milky Way (MW), SMC and LMC to validate the models of rotating stars,
e.g., [298–307] and the references therein. In these contributions, contrasting results can be
found, mainly on the surface N abundance, which according to models is meant to be enriched
in rapid rotators. Thus, an unexpected significant enrichment was detected for MS stars in
LMC with Vsin i . 50 km s−1, and with and without overabundance for LMC B-type stars
with Vsin i & 100 km s−1. This enrichment was attributed to merger phenomena in binary
systems. No significant N enrichment seems to exist among rapidly rotating MW B-type
stars. It was also noted that the N enrichment of B and Be stars was quite similar and that
observed abundances in Be stars in the LMC agree with those predicted with population
synthesis models calculated by Brott et al. [308] assuming that Be stars do not rotate faster
than V ' 0.4Vc.

Since the spectral signatures of the CN elements are rather small, their atmospheric
abundances can be more easily detected in stars with higher metallicity, and are in general
better determined in stars with Vsin i . 100 km s−1, which implies pole-on seen fast rotators.
Among somewhat evolved MS fast rotators, the enrichment of N is expected to be larger
in pole-on stars than in those with Vsin i & 100 km s−1. This phenomenon is due to two
concomitant effects that the radiation pressure tends to produce, namely CN elements being
synthesized in the stellar core and raised to the surface being drifted towards gravity darkened
and thus cooler equatorial regions [309], where their lines cannot be excited enough to produce
observable spectral signatures. Except for Dunstall et al. [306], other cited contributions did
not correct spectra for veiling effects in Be stars. The correction for the veiling effect sensitively
increases the estimate of their chemical abundances. According to Potter et al. [307], the
models of rotating stars need refined tuning of several diffusion constants, because abundance
predictions strongly depend on their values. Uncertainties affecting the values of these
constants make it so that, at the moment, the comparison of theory with observations is rather
uncertain. Finally, the explanation of abnormal abundances stemming from single rapidly
rotating stars is challenged by the possibility that the observed objects could be members of
evolved close binary systems, where the spin-up towards the near critical rotation of one of the
components and the N enrichment are both due to the accreted mass during a mass-transfer
phenomenon [215,310].

5. Measurement of the Rotational Velocity in Early-Type Stars

The most straightforward though apparent information regarding a star as a rotator is
obtained through the parameter Vsin i, where V is the true equatorial linear velocity and i
is the inclination angle of the stellar rotation axis with respect to the observer. For a given
star, V and sin i cannot be disentangled straightforwardly, unless a complementary analysis
is performed on the stellar spectra emitted by the hemisphere deformed by rotation and
projected towards the observer (see Section 3.6).

Shajn and Struve [311] discussed the broadening effect that rotation can produce in
spectral lines, and two years later Struve [312] pledged that the rotation should be considered
as an independent stellar fundamental parameter. Among the first determinations of Vsin i
for early-type stars can be cited those of Elvey [313], who used a graphical method where the
observed MgII 4481 line profiles were compared to spun-up thin line profiles. Carroll [314]
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introduced a method based on the Fourier transform (FT) of line profiles that is today still
currently used to determine the Vsin i. The method introduced by Elvey [313] and previously
suggested by Shajn and Struve [311] was systematized by Slettebak [315], who determined
the Vsin i parameter for 123 early-type stars with and without emission lines.

Since these pioneering works on the stellar rotation, a large series of studies based on differ-
ent methods have been dedicated to the determination of the Vsin i of early-type stars, whatever
their normal or active character. Following Howarth [316], we classify these methods into the
following broad groups: (1) Methods based on the FWHM of observed line profiles that are com-
pared with model FWHM calculated as in Slettebak et al. [317], where the limb-darkening (LD)
in the line profiles and the GD effect are taken into account. In the old days, the comparison of
observed FWHM was performed with observed or synthetic line profiles enlarged by a rotational
broadening function; (2) Methods based on the FT, where neither the wavelength-dependent
limb-darkening within the line profiles nor the gravitational darkening effect can be considered;
(3) Methods that determine the Vsin i parameter by fitting the observed line profiles with syn-
thetic line profiles calculated for a given spectral domain with static model atmospheres, which
are broadened with a rotational broadening function that does not consider the change in line
profiles due to wavelength-dependent limb-darkening, nor the effects of the GD, e.g., [318,319].
The Vsin i determination by the cross-correlation of observed high-resolution spectra against an
observed or synthetic spectral template where lines are not considered broadened by rotation,
e.g., [320] can also be associated to this category. Measurements based on the calibration of the
FWHM lines as in Daflon et al. [321] are considered in this category; (4) Methods where observed
line profiles are fitted with spectra calculated with model atmospheres that take into account the
limb-darkening varying with wavelength in the interval of line profiles, but using not deformed
stars by rotation neither affected by the GD effect [322]; and (5) Methods that use synthetic spectra
calculated for stars deformed by rotation and gravity darkened, where the limb-darkening in
the local line profiles is consistently taken into account, e.g., [259,323]. In Table 1, which is not
intended to be exhaustive, the Vsin i determinations of normal and active B-type stars are listed.

Table 1. Non-exhaustive table of Vsin i determinations for early-type stars.

Source Environment Stars Method Number

Balona [324] MW O, Oe, B, Be 1 585
Conti and Ebbets [325] MW O, Oe 3 205
Slettebak [326] MW Oe, Be, (A, F)shell 1 183
Wolff et al. [327] Mw B, Be 1 306
Abt and Morrell [328] MW A, Ashell, (B, Be) 1 1700
Halbedel [329] MW B.Be 1 164
Penny [330] MW O, On, Oe 3 177
Brown and Verschueren [331] MW, assoc. B, Be 1, 3 156
Howarth et al. [320] MW O, B, (Be) 3 373
Steele et al. [332] MW Be 1 58
Chauville et al. [333] MW O, B, A, Be 4 233
Abt et al. [334] MW B, Be 1 1092
Royer et al. [335] MW B, A 2 525
Royer et al. [336] MW B, A 2 249
Keller [337] LMC B 3 100
Penny et al. [338] MW, SMC, LMC O 3 56
Frémat et al. [259] MW B, Be 1 233
Glebocki and Gnacinski [339] MW all, (B, Be) (1) 28,179
Strom et al. [340] MW, cluster, field B, Be 1 216
Dufton et al. [318] MW, cluster O, B, Be 3 234
Wolff et al. [341] MW, cluster O, Oe 1 44
Frémat et al. [342] MW Be 5 64
Mokiem et al. [343] SMC 0, B 3 31
Levenhagen and Leister [344] MW Be 2 141
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Table 1. Cont.

Source Environment Stars Method Number

Huang and Gies [323] MW, cluster B, Be 5 496
Martayan et al. [345] LMC, cluster, field B, Be 5 202
Hunter et al. [302] SMC, LMC B 3 50
Martayan et al. [346] SMC, cluster, field B, Be, (O, A) 5 346
Trundle et al. [305] MW, SMC, LMC B 3 61
Wolff et al. [347] MW, cluster B, Be 1 168
Wolff et al. [348] LMC, cluster OB 3 34
Huang and Gies [349] MW, field, cluster B, Be 5 108
Hunter et al. [350] SMC, LMC B, Be 3 407
Penny and Gies [351] MW, SMC, LMC O, B 3 258
Fraser et al. [352] MW, supergiant B 2 57
Huang et al. [353] MW, field, cluster B, Be 5 634
Díaz et al. [319] MW A 2 251
Marsh Boyer et al. [354] MW, cluster B, Be 3 104
Bragança et al. [355] MW B, Be 3 350
Dufton et al. [356] LMC O, B, Be 2, 3 334
Ramírez-Agudelo et al. [357] LMC O 2, 3 216
Simón-Díaz and Herrero [358] MW O, B 2, 3 203
Garmany et al. [359] MW B, Be 3 130
Zorec et al. [127] MW Be 4 233
Holgado et al. [360] MW O 2, 3 285
Solar et al. [361] MW Be 2 57
Xiang et al. [362] MW O, B, A 3 132, 548
Gaia DR3 1, vbroad MW late-B to early-M 3 33, 812, 183
Gaia DR3 1, vsini_esphs MW O, B, A 3 780, 461

Notes: MW (Milky Way); LMC (Large Magellanic Cloud); SMC (Small Magellanic Cloud); B can also imply also
Bn; ‘all’ indicates all spectral types. 1 see Section 5.1.

5.1. Rotational Broadening in Gaia DR3

The third release of the Gaia catalog Gaia DR3, ref. [363], provides what is, to date,
the largest survey of rotational line-broadening measurements (i.e., for Teff ≥ 3100 K). It
is based on the analysis of the data obtained by the Radial Velocity Spectrometer (RVS),
ref. [364]. Two measurements of rotational line-broadening are available. The first value was
obtained by taking the median of the measurements performed on epoch/transit RVS spectra,
prior to the radial velocity (RV) determination. It is named vbroad in the gaia_source
table. The second estimate was directly measured on the co-added RVS data by the ESP-HS
module of the Apsispipeline [365]. Its determination was inserted in the process that led
to the computation of the astrophysical parameters (APs: Teff and log g) and the interstellar
reddening of/towards O-, B-, and A-type stars from the simultaneous fitting of the Gaia
BP/RP and RVS spectra with synthetic ones. The value is saved in the field vsini_esphs of
the Gaia DR3 astrophysical_parameters table. Both estimates were made by ignoring any
broadening mechanisms other than rotation (e.g., they assumed the absence of macroturbulent
motions, as can be seen in Section 5.6) and were based on the maximization/optimization of
the cross-correlation between the observed and theoretical spectra (which we assimilated to
method 3 in Table 1).

It is worth reminding that the RVS wavelength domain (λλ 846–876 nm) is centered
on the NIR Ca II triplet lines, which reach their maximum strength in F-, G- and K-type
stars. In B-type stars (Figure 22), the higher members of the Paschen series dominate the
whole spectrum and carry most of the spectroscopic information available to measure
the line-broadening. This partly explains the behavior of the vbroad measurements, as
reported by Frémat et al. [366]. In particular, at the B-type stars’ temperature range, the
values are usually expected to be underestimated and strongly affected by the noise at
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GRVS > 10. Furthermore, because of issues related to the RV determination of O-, B-,
and A-type stars [366,367], all the vbroad measurements obtained for targets hotter than
Teff = 14, 500 K were filtered out during the post-processing [368]. Finally, no vbroad
measurement is available in the catalog when, in more than 40% of the epoch RVS spectra,
the emission in the Paschen lines is rising above the local (pseudo-)continuum [368].

While the vsini_esphs estimate is expected to suffer from the same limitations, its
value for the hot stars was kept as being part of the AP determination carried out by the ESP-
HS algorithm. We compare in Figure 23 the values found in Gaia DR3 to those published
in some of the most recent studies listed in Table 1 a similar comparison is presented for
vbroad in Figure 11 of [366]. Although the studies we consider in this plot have analyzed
stars brighter than GRVS = 10, (with the exception of [362], whose study includes mainly
fainter stars), there is little overlap with Gaia DR3 vsini_esphs measurements. This is
due: (1) to the filters applied during the post-processing and based on the analysis of the
goodness-of-fit distributions in both BP/RP and RVS domains; and (2) to the degeneracy
between the APs at increasing interstellar reddening, as can be seen in, e.g., Figure 2 of [369]
during the selection of the target based on the spectral type tagging (spectraltype_esphs).
As can be seen in Figure 23, a significant scatter is observed relative to ground-based
measurements (which are usually obtained at higher resolving power and in better suited
wavelength domains). However, the measurement remains fairly representative of the
rotational broadening, as can be measured in the RVS spectra.

Similarly to what was performed for the determination of vbroad, the ESP-HS avoided
using the RVS data that could be affected by line emission. In these cases, the APs were
derived by analyzing the BP/RP data only, and no line-broadening was derived. The
decision to flag the spectrum for possibly having emission lines was based on the pseudo-
equivalent width of the Hα line directly measured on the RP spectrum [370]. Because of
the low-resolving power of the data, of the steep decrease in the instrument response in
the blue wing of Hα, and of the method adopted, a fraction of weak Hα emittors were not
flagged [371,372] and still have their vsini_esphsvalue published (see lower left panel of
Figure 23, where we plot the estimates obtained by [127] for a sample of Be stars). In these
cases, a representative broadening value may still be expected, as long as the spectrum of
the star does not show any characteristics of stars with shell-like absorption.

Figure 22. Variation with vsini_esphs (noted in blue, in km s−1) of published Gaia DR3 RVS spectra
with SNR > 200, 11,500 K ≤ teff_esphs < 12,500 K, 3.7 ≤ logg_esphs < 4.2. The spectra were
normalized to the pseudo-continuum by the Gaia pipeline (FN) and vertically shifted relatively to
each other.
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Figure 23. Comparison of the Gaia DR3vsini_esphsestimates obtained for B- and O-type stars with
measurements found in various catalogs as noted by the axis labels: XIANG [362], IACOB [358,360],
HUANG [353], BRAGANÇA [355], and ZOREC [127]. The color code usually follows the GRVS (see
corresponding color bar), except for the XIANG vs. vsini_esphs panel where the data were sampled
into 5 km s−1bins. In the IACOB, HUANG, and BRAGANÇA plots, the crosses highlight those targets
known, according to Simbad (CDS), for showing emission-lines. In these comparisons, we only took
into account those targets with Teff ≥ 10, 000 K.

5.2. Caveats on the FT and ‘Spun-Up’-Based Methods

When Carroll [314] introduced their method to determine the Vsin i parameter based
on the Fourier transform (FT) of spectral lines, he clearly warned that an easy solution
would be to represent the effect of the limb-darkening on the intensity of a spectral line
non-affected by rotation by splitting the line profile into a product of line profile proper
and a limb-darkening function, whose objective was to have a function to carry out the
Fourier transform analytically

I(λ, µ) = I(λ)1 a(µ) (42)

where a(µ) is a polynomial, or whatever other function of µ (µ, is the cosine of the angle
between the normal to the stellar surface and the line of sight), and I(λ)1 is the line profile
seen at µ = 1. Thus, this form does not take into account the effect of the limb-darkening
in the line profile itself, which at Carroll’s time, was already known to have the following
approximate analytical aspect [373]

I(λ, µ)

Ic(µ)
=

1 + A(λ) µ + B(λ)
1+C(λ) µ

1 + a(µ)
(43)

where A(λ), B(λ) and C(λ) depend on the line absorption coefficient. This form is far from
that described in Equation (42), where the function a(µ) depends only on the constants
related to the continuum spectrum, but not concerning the studied spectral line proper.
This inconsistency is inherent to all applications of this FT methods [374,375], even though
complicated forms of a(µ) are proposed, thinking that the Vsin i parameters will then
be more precise. This same comment is also valid for all methods where spectra are
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first calculated for non-rotating stellar atmospheres and then spectral lines are broadened
according to different projected velocities Vsin i using rotational broadening functions
based on limb-darkening expressions like in Equation (42). Finally, Collins and Truax [376]
notes that these methods do not take into account the effects carried on the spectral lines by
the gravity darkening induced by rotation, although these authors based their criticisms
online profile representations resembling that of Carroll.

5.3. Uncertainties on the Vsin i Related to the Non-Consideration of Velocity Fields in the
Calculations of Radiation Transfer in Spectral Lines

The line profiles used for the further broadening by rotation are obtained by radiative
transfer calculations that consider static stellar atmospheres. Already known are the asym-
metries of spectral lines produced by velocity fields in non-rotating stellar atmospheres,
as can be seen in e.g., [119] and references therein. However, line asymmetries can be
particularly significant when they are calculated using radiative transfer codes that take
into account velocity fields in rotating stellar atmospheres, as shown in Korčáková and
Kubát [297,377,378]. Nevertheless, further progress on the calculation of broadened line
profiles by rotation can be expected if the aforementioned codes will also consider the
non-spherical geometries of stellar atmospheres whose temperature structure in depth is
calculated consistently with the deviations introduced by the gravity darkening, discussed
in Section 5.5.1. Another discussion of asymmetrical rotational broadened line profiles is
given in Section 5.10.

Many B-type stars have spectra marred by the presence of circumstellar envelopes
or discs. To this end, CMFGEN is a code that was developed to model the spectra of a
variety of objects with moving extended atmospheres: O stars, Wolf–Rayet stars, luminous
blue variables, A and B stars, central stars of planetary nebula and supernovae, as seen
in [379–381] and the references therein. Spectral lines predicted by this code, submitted to
rotational broadening, can be of particular interest for studying B[e] stars, mainly in helping
to identify genuine photospheric signatures in their observed spectra, otherwise strongly
perturbed by the signatures of complicated gaseous and dusty circumstellar environments.

5.4. Uncertainty on the Vsin i Related with the Gravity Darkening

As noted in Section 3.6, in rapid rotators, the emitted bolometric flux weakens from
the pole to the equator as a function of the surface effective gravity [260,266,278,280]. The
contribution of the radiation to the total λ-dependent flux in a spectral line broadened by
the rotation is thus less effective from the equatorial regions, which consequently translates
into an underestimated Vsin i parameter. As this effect was first studied by Stoeckley [382],
in what follows, we refer to it as Stoeckley’s effect. As already quoted in Equation (40), the
expected value of Vsin i corrected from the Stoeckley’s effect can be written as

Vsin i = (Vsin i)obs + Σ(η, i, M, t) (44)

where (Vsin i)obs is the apparent or observed projected rotational, and Σ is the correction
for the underestimation induced by the effects associated with the rapid rotation that
hereafter, and depending on the circumstances, we call Stoeckley’s correction or Stoeckley’s
underestimation. After Stoeckley [383], a number of authors have calculated Σ, in particular
Townsend et al. [384], Cranmer [385] and Frémat et al. [259], who calculated this correction
in the frame of a strict surface rigid rotation with the classical formulation of the GD effect
by von Zeipel [266]. A schematic representation of the relation between the true Vsin i and
the observed one is shown in Figure 24.
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observational uncertainties (ordinates) against the Vsin i corrected from Stoeckley’s underestimation
(abscissas). This relation was calculated with He I 4 471 line profiles for models with pnrc parameters
Teff = 21,000 K and log g = 4.0, inclination angle i = 70◦, and η ratios ranging from 0 to 1.0. The red
bars indicate Stoeckley’s correction Σ for an arbitrary near critical (Vsin i)obs

corr parameter. The η values
indicated in the figure are for the actual (Vsin i)Σ = V(η)sin i parameters in abscissas. Adapted from
Zorec et al. [127].

A particular underestimation of the Vsin i parameter can be produced if no attention
is paid to the spectral lines that are formed in the polar regions of rapidly rotating stars.
Heap [386,387] discovered that the Vsin i parameter of ζ Tau determined using the classical
spun-up measurement methods of photospheric lines in the spatial ultraviolet (far-UV)
observed with the satellite Copernicus were twice as low than in the visible, and that the
effective temperature required to model the far-UV lines was higher than for those in the
visible spectral range. She concluded that this discrepancy is due to the gravity darkening,
according to which the hot polar regions contribute with smaller line broadening linear
velocities than the somewhat cooler equatorial regions, which contribute with the largest
line broadening radial velocities. This hypothesis was confirmed with model calculations
by Hutchings [388], Hutchings and Stoeckley [389] and Sonneborn and Collins [390]. The
rotation of a larger set of rapid rotators using far-UV lines λ1299 of SiIII and λ2756 of FeII
observed by the satellite IUE was studied by Carpenter et al. [391], who made models of
gravity-darkened stellar atmospheres and concluded that the obtained Vsin i parameters
agree with those obtained from spectral lines in the visible, which is another way to confirm
the gravity-darkening effect in rapid rotators and warns of the necessity of using other
than simple FT analysis or spun-up profiles to determine the Vsin i parameter from lines
whose formation is sensitive to the local formation conditions of temperature and gravity,
particularly when it comes to rapid rotators.

5.5. Effects on the Vsin i Related with the Structure of Rotating Stellar Atmospheres

Stress is put here on the formation of spectral lines in gravity-darkened stellar at-
mospheres. The phenomena concern: (1) the thermal structure in the depth of stellar
atmospheres as a function of the colatitude θ and its incidence on the line source function;
and (2) the sensitivity of line source functions to local physical conditions.

5.5.1. The Thermal Structure in Depth of Rotating Stellar Atmospheres

Very early, it was recognized that the rotation and simultaneous hydrostatic and radia-
tive equilibrium contradict each other, and that the latitudinal variation of the temperature
in the stellar atmosphere produces a non-vanishing θ−dependent divergence of radiation
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flux [392], which unleashes the horizontal diffusion of light that has to be treated properly
to obtain a stable atmospheric thermal structure. Two-dimensional radiation transfer cal-
culations in stars deformed by rotation, similar to those started by Pustyl’Nik [393] and
Hadrava [394], might perhaps be able to tackle these questions and predict the reliable de-
pendencies of the line source functions with θ as well as GD relations that can be considered
consistent with the right thermal structures of rotating atmospheres. Unfortunately, to date,
there are no such detailed models. The current approximation used to model the spectra
emitted by rotating objects is to assume that at each latitude θ, the structure of the atmo-
sphere as a function of the optical depth corresponds to that of a classical plane-parallel
model atmosphere characterized by the local parameters [Teff(θ), log geff(θ)], where Teff(θ)
is inferred with the adopted GD law. The thermal structures of rotating atmospheres used
to date have never been demonstrated to be consistent, because the horizontal radiation
flux was never taken into account. It is worth mentioning that the improbable physical
structure of the atmosphere in the equatorial regions of a fast rotator, that the relationship
in Equation (35) leads to, implies that, for lim geff → 0, the radiative flux is canceled so
that lim Teff → 0. The low temperature condition is not a sufficient condition to make
the atmosphere convective, a state that actually requires the specific entropy to decrease
towards the surface of the star, which imposes conditions not only on the temperature
gradient but also on the density gradient [229]. By simulating the effects produced by some
extreme physical circumstances masking the above outlined situation, predictions show
that there can be significant changes in the line intensities and their widths, which may
lead to estimates of Vsin i that sensitively depend on the chosen spectral lines [260].

5.5.2. The Line Source Functions in a Gravity Darkened Atmosphere

It has long been known that due to the non-LTE effects and atomic structures proper,
the source function of spectral lines have selective sensitivities to collisional and radia-
tive processes that dominate the population of atomic levels [87,116,119]. Because the
gravity-darkened atmospheres in rapidly rotating stars induce a wide range of electron
temperatures and densities over the hemisphere projected toward the observer, spectral
lines with different sensitivities to local formation conditions do not reflect the same phys-
ical properties prevailing in the observed hemisphere. Owing to these differences, the
spectra of rotating stars interpreted with models calculated for non-rotating atmospheres
can produce not only different values of apparent (Teff, log geff)-parameters, but they also
produce different estimates of the Vsin i (the details of which can be found in [260]).

5.6. Effects of the Microturbulence and the Macroturbulence on the Determination the Vsin i.

Microturbulence and macroturbulence hide a series of motions that are not yet well
identified. It was recognized very early on that spectral lines undergo broadening due to
the random motions of eddies in stellar atmospheres [395,396]. Underhill [397,398], and
Rosendhal [399] reported that these effects should be present mainly in early-type stars with
low surface gravity. Random motions of eddies of the order or lower than the mean free-path
of photons were called microturbulence and can affect the line absorption coefficient producing
the so-called ‘second-class’ line broadening [396]. Movements of the eddies implying distance
scales larger than the photon mean that free-paths were called macroturbulence, but they do not
change the effective mean atomic-line absorption coefficient. In this case, the line broadening
is simply produced by the Doppler effect associated with the macroscopic motion of eddies
and was called ‘first class’. More recently, Cantiello et al. [133] and Grassitelli et al. [400]
evoked the subphotospheric convection to account for the microturbulent motions, while
Aerts et al. [401,402] suggested that, in B-type stars, macroturbulence could be ascribed to the
low-amplitude gravity modes of non-radial pulsations. The errors affecting the Vsin i and
macroturbulence velocity (vmacro) determinations over the time series of line variations are star-
dependent. Aerts et al. [402] find that the maximum error on the Vsin i is δVsin i . 60 km s−1

and the averaged error is 〈δVsin i〉 . 8 km s−1. Regarding the maximum error on the vmacro
estimate is also δvmacro . 60 km s−1, while its averaged error is 〈δvmacro〉 . 17 km s−1. Similar
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conclusions were also put forward by Simón-Díaz [403]. Howarth et al. [320] claimed that
macroturbulence can be an important line-broadening mechanism in O- and early B-type
supergiants, which adds to rotation. Nevertheless, its determination is not unique, because
the same broadening can be produced by combining large ranges of macroturbulent velocities
vmt and Vsin i values [404].

To describe the line broadening carried by macroturbulent motions, two models are
used: isotropic Gaussian and anisotropic with radial and tangential components, where
each has a Gaussian-dependent velocity distribution [405,406]. The anisotropic model
depends on at least three free parameters, but they are reduced to only one so that both
models are characterized by a unique dispersion of macroturbulent velocities σmt. The
anisotropic model generally produces the more effective fits of spectral line profiles, leading
to slightly larger values of vmt than the isotropic model does [358,407,408]. However, they
both mask still unidentified line-broadening phenomena.

Macroturbulence was mostly explored in early-type stars, mainly supergiants, which
all have low values of Vsin i cf. [320,352,404,407–409].

However, macroturbulence was also suggested for later B-type supergiants [408]. As
found in Simón-Díaz and Herrero [358] and Sundqvist et al. [409], macroturbulence should
not be entirely negligible in early-type dwarfs and giants. Using the rotational period of two
magnetic O-type stars (HD 108 and HD 191612), [409] found that the apparent rotational
velocity of the star is Vsin i . 1 km s−1. This same parameter redetermined with the
Fourier transform method becomes Vsin i ∼ 40− 50 km s−1. It can then be expected that
macroturbulent-like movements also exist in the atmospheres from B-type dwarfs to the
giants of lower effective temperatures than those explored in the above cited works. This
can be the case of all those stars that undergo non-radial pulsations and a wide funnel
of instabilities induced by the rotation. The photospheric spectral lines currently used to
determine the Vsin i parameters of Be stars can then legitimately also be expected to be
affected by macroturbulence. The macroturbulent motions are detected when apparent
rotational velocities are Vsin i ≤ 150 km s−1, while lines broadened by Vsin i & 150 km−1

seem to remain fairly insensitive to the broadening induced by macroturbulence. However,
this does not mean that, in these cases, it does not exist, as in Be stars, where atmospheres
can undergo significant upheavals maintained by non-radial pulsations, a large spectrum
of instabilities induced by the rapid rotation and possible disordered magnetic fields
generated by under-photospheric convection [133,134,136,137].

5.7. Effects Carried by the Differential Rotation on the Value of Vsin i.

The existence of a surface differential rotation in B and Be and other massive stars was
speculated or predicted with models by a number of authors cf. [20,260,289,410–416], who
derived parameters indicating its possible existence. To support this hypothesis, two different
theoretical approaches to the stellar structure can be mentioned, wherein the results indicate
that there are mechanisms capable of inducing differential rotation at the surface of early-
type stars. Using conservative rotation laws [137] or non-conservative ‘shellular’ rotation
laws [136] for models of stellar structures, it was shown that the two convection zones in the
envelope associated with increased opacity due to He and Fe ionization can be considerably
enlarged in depth by the rapid rotation. These regions together establish an entire convective
zone beneath the surface that spreads out over a non-negligible region: from 1/8 of the
stellar radius at the pole to nearly 1/4 at the equator [136]. However, differential rotation in
convective zones can be induced in the same way it is induced in the Sun [417]. Following the
solar rotational picture, where the convective layers have differential rotation, we may expect
that some coupling can exist between convection and rotation beneath the surface in rapidly
rotating massive and intermediate mass stars, whose imprint on the outermost stellar layers
will translate into an angular velocity dependent on the latitude.
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Solving the baroclinic balance relation obtained with the curl of the time-independent
momentum equation of an inviscid, axisymmetric rotating star without magnetic fields, Zorec
et al. [141] obtained solutions for the angular velocity distribution in the envelope under
several conditions: (1) the surfaces of specific entropy S are parallel to the surfaces of specific
angular momentum j, S= S(j2); (2) the surfaces of specific entropy and angular velocity
coincide, i.e., S=S(Ω2); and (3) the surfaces of specific entropy S are parallel to the surfaces
of constant specific rotational kinetic energy, S=S(v2Ω2). In Figure 25, some examples of
curves Ω(r, θ)= const that obey these assumptions are shown. Rieutord [415], Espinosa Lara
and Rieutord [418], Rieutord et al. [419] and Gagnier et al. [420] presented a new consistent
way to compute a two-dimensional model of a fast rotating star including the large-scale
flows, where among many other improvements, the calculated internal and surface differential
rotation have some similarities to those shown in Figure 25.

The curves Ω(r, θ) = const can have surface imprints as an atmospheric latitudinal
differential rotation that can be sketched using the following relation

Ω(θ) = Ωp(1 + ξvκ)γ, (45)

where v = r(θ) sin θ is the distance to the rotation axis; r(θ) = R(θ)/Re is the normalized
radius vector that describes the stellar surface, Ωp is the polar angular velocity, ξ, κ and
γ are constants. It follows that from Equation (45) that the equatorial angular velocity is
Ωe = Ωp(1 + ξ)γ. The Doppler displacement ∆λ due to radial velocity at a point ~R in the
stellar surface is

∆λ = (λ/c)(~Ω ∧ ~R)z = (λ/c)Ω(θ)x sin i, (46)

where the reference system (x, y, z) is centered on the star, with the z axis is positively
directed toward the observer and the x and y axes are in the plane of the sky. To more
clearly characterize the Doppler displacements described by Equation (46), this relation is
normalized by the displacement produced in the limb at the equator

C =
∆λ

∆λe
=

[
Ω(θ)

Ωe

]
x

Re
, (47)

where Ωe is the angular velocity at the equator and C is a constant independent of sin i
that represents an isoradial velocity curve. Figure 26a,b show C = constant for angular
velocities accelerating from the pole toward the equator, while Figure 26c shows a case
where Ω(θ) is accelerated from the equator towards the pole. In cases ‘a’ and ‘b’, the
maximum Doppler displacement is produced at the stellar limb in the equator, while in
case ‘c’, this maximum is produced in the middle of the closed circles (‘owl’ eyes) on the
visible part of the meridian contained in the (x ι̂, ~Ω)−plane. In this case, the curve C = 1
is also closed and contains the equatorial limb point, while all the remaining curves for
C > 1 are closed. In Figure 26b, two curves are shown (red dotted and dashed curves) that
produce the same Doppler displacement, i.e., Cr = Cd, where Cr denotes the radial velocity
for rigid rotation (red dotted line) and Cd is for differential rotation (red-dashed curve).
Both isoradial velocity curves coincide at the equator, nevertheless, the Cd curve is longer
than for Cr. This is the main source for the difference detected in the residual intensities of
absorption lines broadened by rigid and differential rotation laws.
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Figure 25. Curves of internal constant angular velocity Ω(r, θ)= const in the stellar envelope (blue
lines). (a) Curves corresponding to the condition S=S(j2); (b) curves obtained with S=S(Ω2); and
(c) curves calculated for S=S(v2Ω2). The solutions are valid in the convective envelope, i.e., above
the shaded central region [S = specific entropy; j = specific angular momentum; and v = distance
to the rotation axis]. Ordinates coincide with the rotation axis; abscissas are in the equatorial plane.
Adapted from Zorec et al. [141].
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Figure 26. Upper series: Curves of constant radial velocity C contributing to the rotational Doppler
broadening of spectral lines. (a ) C curves for a Maunder-like surface angular velocity law with
∂Ω(θ)/∂θ > 0; (b) C curves for a law given by Equation (45) with γ > 0, so that ∂Ω(θ)/∂θ > 0;
(c) C curves for a law given by Equation (45) with γ < 0, so that ∂Ω(θ)/∂θ < 0. In cases (a,b), the
largest Doppler displacement is produced in the limb at the equator, while in case (c), the largest
Doppler displacement is produced in the center of the upper closed curves. Case (b) identifies
the lines producing the same Doppler displacement, Cr = Cd, where Cr (red dotted line) indicates
a rigid surface rotation, and Cd (red-dashed line) a differential surface rotation. In all cases, the
parent Doppler displacement from rigid rotation is determined by the straight line touching the
corresponding Cd curve at the equator. Lower series: Gaussian line profiles broadened by rotation,
whose intensity and equivalent width depends on the effective temperature and gravity such as a
HeI 4471 transition: (d) line profiles for the curves of constant radial velocities of the type shown
in (a) for several parameters ξ in Equation (45); (e) line profiles are for the constant radial velocities
shown in (b) for several parameters ξ; (f) line profiles are for the constant radial velocities shown in
(c) for several parameters ξ. Calculations include gravitational darkening. The parent non-rotating
object has Teff = 22,000 K and log g = 4.0. The angular velocity law is given by Equation (45) with
the same parameters (κ, γ, η, i) as in the corresponding upper blocks, except that ξ takes a wider
range of values. In all cases, ξ = 0 represents the rigid rotation and the corresponding line profile is
red-highlighted. In all blocks, the ordinates are the same. Adapted from Zorec et al. [127].
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Putting k = 2 and γ = 1 in Equation (45), the known Maunder relation is recovered
and used here below to produce examples of effects due to the surface differential rotation
on the value of Vsin i

Ω(θ, α) = Ωe(1 + α cos2 θ), (48)

In Figure 27, the Vsin i parameters in km s−1 obtained are shown with the FT technique
of the HeI 4471 and MgII 4481 lines broadened by differential rotation. In the ordinates,
the measured apparent parameter is given, while in the abscissas is given the nominal
rotational quantity that would correspond to the true equatorial velocity Ve. Thus, if the
stars had their atmosphere in differential rotation, the parameters Vsin i obtained with the
currently used measurement methods would depend on the degree of differential rotation
and sensitively differ from the expected values if they were rigid rotators. The difference is
due, on the one hand, to the geometry of the constant radial-velocity curves contributing to
the individual monochromatic Doppler displacements that contribute to the broadening
of a spectral line, and on the other hand, to the inadequacy of the measurement methods,
which are not adapted to the physical circumstances imposed by the differential rotation.
In stars rotating with an angular velocity accelerated from the pole toward the equator
(α < 0), the measured Vsin i implies that V < Veq, where Veq is the actual linear rotational
velocity of the equator. Conversely, a differential rotation accelerated from the equator
toward the pole (α > 0) leads to a Vsin i where V > Veq. It also follows from these results
that, for a given absolute value |α|, the differences |V −Veq| are larger for α < 0 than for
α > 0.
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Figure 27. (a) Gaussian absorption lines broadened by rotation, whose intensity and equivalent width
depend on the effective temperature and gravity, as does the HeI 4471 transition. The gravitational
darkening is calculated for an object of mass M/M� = 8.6 and fractional age t/tMS = 0.5 rotating
at the equator with u = V/Vc = 0.9. The angular velocity law used in the calculations is given
by Equation (45). The colors indicate inclination angles, but in this figure, only the i = 30o (blue)
corresponding to different values of α are explicitly identified. (b) Measured Vsin i parameters
in km s−1 by means of the FT technique of the HeI 4471 line broadened by differential rotation
characterized by the different values of the parameter α in an object having Teff = 23,000 and
log g = 4.1 rotating at different rates η. In abscissas, there are the true equatorial Vsin i for the same
rates η. (c) Idem for the MgII 4481 line. Adapted from Zorec et al. [127].

5.8. Line Profiles Produced by Near-Critical Rigid Rotators

Jeffery [421] pointed out that the line profiles emitted by rapidly rotating B-type
stars may have flattened cores or even present emission-like reversals. This phenomenon
is partially due to the GD effect that makes the local absorption contributions from the
equatorial regions to the broadened profile reduced. On the other hand, due to the stellar
rotational flattening, the iso-radial velocity curves Vr = constant ' 0 can be shorter than
some of them for slightly larger radial velocities, thus favoring a less efficient absorption
that translates into an apparent reversal or emission in the broadened line core. This
phenomenon was widely studied by Takeda et al. [422,423] in the metal lines of Vega (α Lyr,
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HD 172167). The formation of emission-like reversals due to similar physical circumstances,
but in objects with surface differential rotation was evoked by Zorec [424].

5.9. Double Valued Vsin i.

Objects with angular velocity laws accelerated toward the pole may present polar
dimples [235,236,258,260]. In such configurations, the largest contribution to the Doppler
broadening of spectral lines comes from a point situated on an intermediate latitude on the
stellar meridian facing the observer. For large inclination angles, the contribution to the
line broadening produced by the closed curves corresponding to C > 1 (see Figure 26c)
can be partially hidden in the troughs, which, in addition, can be more or less dimmed by
the limb-darkening. The relation between the FWHM of spectral lines and the Vsin i then
becomes double valued, as shown in Zorec [20,153,424]. Photometric, spectroscopic and
interferometric measurements have not yet been able to signal the existence of ’normal’
stars with polar dimples, as mentioned in Section 3.3.

5.10. Asymmetrical Rotational Broadening Functions: Expanding Layers and tidal Interactions

When a common rotational broadening function (RBF) is determined by the deconvo-
lution of all spectral lines present in a given spectral range, there is only a small chance that
its shape is entirely symmetric [425,426]. This is because lines due to a variety of elements
and their different ionization states are formed in atmospheric layers having different
physical conditions and perhaps characterized by different velocity fields entertained by
non-radial pulsations, convection movements, more or less expanding layers of nascent
stellar winds, etc. It can be shown that, independently of the sign of the skewness of the
RBF, the derived Vsin i parameters are somewhat underestimated [260].

During the 1970s and 1980s, a large amount of literature dealt with the spectral line
formation problem in moving stellar atmospheres (as can be seen in [86,87,119,427–437]).
The typical outbursts and fadings in Be stars, which are thought to be the consequences
of huge discrete ejections of mass [68,69,71,438], also imply that there are periods with
outward accelerated layers in the stellar atmospheres. The combination of expanding
velocities with rotation produces broadened and blue-shifted spectral lines that can be
schematically described with rotation-expansion broadening functions (REBF). These func-
tions are asymmetric, and depending on the ratio of characteristic velocities Vexp/Vrot, they
can become truncated. This phenomenon was analytically studied in the frame of uniform
expansions by Duval and Karp [439] and numerically in Zorec et al. [260]. Their results
suggest that: (1) the underestimation of Vsin i cannot be negligible if the studied B and Be
stars were observed at phases when their atmospheres were driven by expanding velocity
fields; and (2) the blue-shifts of lines can be more or less chaotic; they could partially explain
irregular radial velocity drifts, which are sometimes suspected due to undisclosed binaries.

6. Interferometry of Rotating Stars

Because optical and IR long baseline interferometry is sensitive to the stellar geometry
and to its brightness distribution projected onto the sky, this technique has become an impor-
tant tool to study the effects of stellar rotation all over the HR diagram. The mathematical
implement to study stars by interferometry is the CittertZernike theorem, which establishes
a relation between the complex visibility and the Fourier transform of the brightness distri-
bution on the object. Moreover, the spectro-interferometry (differential interferometry) is a
new technique combining high spectral and angular resolution, which enables the study of
phenomena that induce chromatic signatures produced by spots, large-scale mass motions
such as differential rotation, zonal currents triggered by the hydrodynamic instabilities and
non-radial pulsations. In this technique, the phase of the interference fringes is proportional
to the barycenter of the stellar brightness distribution [440–443]. Among the most important
contributions with these modern techniques were those made with interferometers includ-
ing: (1) the Center for High Angular Resolution Astronomy (CHARA) array, e.g., [444],
formed by six telescopes of 1 m distributed in a y-shaped configuration having 15 baselines
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ranging from 34 to 331 m, and joined by several beam combiner instruments operating from
the visible to near-IR in the San Gabriel Mountains of southern California; (2) the Navy
Prototype Optical Interferometer (NPOI), e.g., [445] in Arizona, which is a long-baseline
optical interferometer with subarrays for imaging and for astrometry. The imaging subarray
consists of six movable siderostats of 50 cm with baseline lengths from 2 to 437 m; (3) the
Palomar Testbed Interferometer (PTI), e.g., [446], a long-baseline infrared interferometer
(operating in the H and K bands) installed at Palomar Observatory having baselines up
to 110 m; and (4) the Very-Large Telescope Interferometer (VLTI), e.g., [447,448]) on Cerro
Paranal (Chile). This European Southern Observations (ESO) interferometer includes four
unit telescopes (UTs) of 8.2 m and four auxiliary telescopes (ATs) of 1.8 m that can form six
baselines, all with different lengths and orientations. The baselines (AT and UT) range from
16 to 140 m. The light beams collected by the individual telescopes are brought together in
the VLTI using a complex system of mirrors in underground tunnels. At the beginning, the
beam combiner instruments active at near and mid-infrared wavelengths were AMBER,
MIDI, PRIMA and VINCI. Today, the operating instruments are GRAVITY, MATISSE, and
PIONIER (https://www.eso.org/sci/facilities/paranal/telescopes/vlti.html). Details on
the properties of the visibility curves calculated for rapid rotators that can be detected with
these instruments may be found in Domiciano de Souza [449,450].

The first although unsuccessful attempt to measure the geometrical deformation of a
rapidly rotating star was carried on Altair (HD 187642, an A7-type star), which dates back
to Brown [451]. Domiciano de Souza et al. [452] were the first who determined the apparent
rotational flattening of Achernar (HD 10144, a B5IIIe star) using the VINCI instrument at
the VLTI. They obtained a flattening ratio much higher than the limit imposed by the Roche
approximation (Req/Rp = 1.5). Vinicius et al. [453] discussed the fundamental parameters
of this star and suggested that a circumstellar disc may contribute with additional IR
radiation to produce an apparently excessively large flattening. This possibility was lately
studied by Kanaan et al. [454] who concluded that the disc should be smaller than that
foreseen by Vinicius et al. [453]. Kervella and Domiciano de Souza [455] found that the
Be star Achernar also presents a polar wind. Later interferometric observations of this
star during an emissionless phase by Domiciano de Souza et al. [275] lead the authors to
determine the actual flattening of the star Req/Rp = 1.352, which corresponds to a critical
velocity ratio V/Vc ' 0.883 and a measured GD exponent β = 0.56 in units of β used in
this review (i.e., in the present review, we used the exponent β related with the bolometric
flux: T4

eff ∝ gβ
eff, while other authors may consider this exponent related with the effective

temperature: Teff ∝ gβ′=β/4
eff ). Technical aspects and interferometric results on B-type stars

as rotators are summarized in van Belle [456].
The study of the photocenter displacement using interferometric data obtained for

Regulus (α Leo, a bright B7V star) with AMBER at high spectral resolution across the
Brγ spectral line enabled Hadjara et al. [457] to determine the stellar flattening Req/Rp =
1.31− 1.35, the critical rotational velocity ratio V/Vc = 0.88− 0.89, the inclination angle
i = 86o and the GD exponent β = 0.66− 0.75 in units used herein. Vega (α Lyr), the second
brightest star in the northern hemisphere after Arcturus, has been long suspected of being
a rapidly rotating star seen nearly pole-on, e.g., [458], deserving attentive interferometric
studies [459–462]. Concerning Vega, the authors concluded that the star rotates at V/Vc '
0.75 (Ω/Ωc ' 0.92) and that the inclination angle of its rotation axis is ' 4.8o. The B-type
star δ Per was observed with the VEGA/CHARA interferometer by Challouf et al. [463],
and the data were analyzed using a code of stellar rotation, CHARRON [464,465], in order
to derive the stellar physical parameters. The estimated stellar flatness is Req/Rp = 1.121,
the inclination angle i = 85o and the velocity ratio V/Vc ' 0.57.

As noted in Section 5.7, the iso-radial velocity curves in the observed hemisphere of a
star having surface differential rotation are not straight lines but curves. These curved lines
induce distortion effects on the spectral lines and thus on the position of the wavelength
dependent position of the brightness distribution barycenters that could in principle be
exploited by the spectro-interferometric techniques [466] to derive the inclination angle of

116



Galaxies 2023, 11, 54

stars and the Maunder differential rotation parameter (as can be seen in Section 5.7). Differ-
ential rotation also induces changes on the stellar geometry that can be distinguished from
those induced by the rigid rotation which could also be studied by interferometry [141].
In order to constrain the parameters empirically characterizing the surface differential
rotation, instruments operating in the visible range are needed to combine high spatial
resolution (∼0.2 mass) and spectral resolution as high as 100,000 in order to reach 0.1 Å in
spectral lines which are sensitive to this effect, in particular the HeI lines. It is estimated
that with spectral resolutions of 20,000, it would perhaps be possible to have access to
parameters of the differential rotation if the measurements of radial velocities are made
with precision 15 . ∆Vr . 30 km s−1 and phase shifts with 2o . ∆φ . 5o [467,468].

Apart from the above cited works, a significant number of Be stars were observed
by interferometry with VLTI/AMBER, VLTI/MIDI (mid-IR) and CHARA/VEGA (visible)
that enable carrying out statistical studies on the geometrical and kinematic properties
of their CD [467,469–478]. However, as the inclination angles of the rotation axis can be
estimated by the interferometric methods, in some of the above cited works, the critical
velocity ratio V/Vc has also been estimated for many of the studied Be stars. Meilland
et al. [469] concluded that κ CMa has a rotation ratio no larger than V/Vc ' 0.52. In
Meilland et al. [472], it is shown that δ Sco must have V/Vc ' 0.7. From a study of
eight Be stars [473], it comes that they have on average V/Vc = 0.83± 0.08, with extreme
values V/Vc = 0.72± 0.20 for µ Cen and V/Vc = 0.95± 0.23 for α Col. Stee et al. [476]
concluded that γ Cas is a critical rotator. An interesting discussion was presented by
Delaa et al. [467] on the Be star α Cephei, whose previous estimates of Ω/Ωc range from
0.084+0.026

−0.049 [479] to 0.941± 0.020 [273] and the exponents of the von Zeipel relation ranging
from 0.34+0.10

−0.20 to 0.22± 0.02, respectively. Delaa et al. [467] obtained that, in this star, β < 1
(as an exponent of the von Zeipel relation), and demonstrated that a differential rotation
at the surface of a fast rotating star may affect the brightness distribution over the stellar
disc and significantly modify the value of the β exponent. Accordingly, other parameters,
particularly inclination angle, can also be affected. Recently, Cochetti et al. [478] observed
26 Be stars and determined the critical velocity ratio for seventeen of them, the average
value of which is 〈V/Vc〉 = 0.71± 0.06.

7. The Origin of the Stellar Angular Momentum
7.1. First Findings and Discussions

The rotation velocities of young stars are related to the mechanisms of star formation
by means of angular momentum dissipation processes in protostellar clouds. Apart from
the highly puzzling questions associated with the problem of how stars dispose of angular
momentum and how the angular momentum transfer proceeds between discs and proto-
stellar clouds [480–482], observational studies have inquired into the nature of the relation
between stars and protostellar clouds.

Leaning on the idea by Larson [483], where it is suggested that the processes of star for-
mation through the dynamics characterizing the collapse of protostellar clouds are controlled
by the rate of dissipation of angular momentum, it was postulated that the rotation of stars
may also depend on their location in the Galaxy. Accordingly, Burki and Maeder [484] showed
that the size of young open clusters (age < 15 Myr) in the solar neighborhood increases with
the galactocentric distance. They also noted that, within 1 kpc from the Sun, the averages
〈Vsin i〉 of B and Be stars of spectral type B0–B4 increase towards the galactic center, while
the fraction of binaries does not seem to depend on the galactocentric distance in the studied
environment. Their conclusion was that the noted gradient of rotational velocities can be due
to the collapsing time of protostellar clouds, where a higher content of heavy elements can
accelerate the collapsing process with a consequent lesser dissipation of angular momentum,
thus forming stars with higher rotational velocities.

Using a representative sample of rather early-type stars (spectral types B0–B5),
Wolff et al. [327] noted quite a large number of slow rotators that they could not account for
neither by magnetic braking, loss of angular momentum through tidal interaction in close
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binaries, nor by evolution from the ZAMS in the frame of angular momentum conservation.
They suggested that the stars were formed with initial low angular momentum and that
their observed rotational velocity, as well as the random orientation of inclinations, are the
consequence of gravitational interactions in the proto-cluster clouds.

Guthrie [485] tried to clarify the picture foreseen by Wolff et al. [327], where the
sample of stars with luminosity class V seemed to be underrepresented and that there
is a bias against Be stars. To this end, Guthrie [485] studied the distribution of Vsin i
parameters of B-type stars in young and older subgroups of OB associations and field
stars. For B0–B5 type stars, in both subgroups, the distributions of Vsin i are quite similar
for Vsin i & 100 km s−1, but in the older subgroups, there is an excess of objects with
Vsin i . 50 km s−1. A noticeable difference exists between the distributions of Vsin i of
B0–B5 compared with those of B6–A0 stars in young subgroups. The latter have clear bi-
modal distributions. When it comes to B0–B5 field stars, those of luminosity class V do not
reveal a striking difference in the Vsin i distributions between fields and older subgroups
of associations. B0–B5 field stars of luminosity classes III–V have a similar distribution
to those above, but they have a high fraction of rotators with Vsin i . 100 km s−1. These
results suggest that there may be a difference between the rotational properties of stars
in tightly bound clusters as compared to those of field stars which probably originated in
loose stellar systems.

Knowing that the ratio between the specific angular momentum in an interstellar
cloud and that of an average star is approximately (J/M)cloud/(J/M)star ∼ 107, there must
exist an efficient mechanism of angular momentum dissipation. When this dissipation
proceeds through successive collapses, theoretical predictions say that the rotation axes
should tend to be perpendicularly aligned to the galactic plane [481,486]. According to
Guthrie [485] and the references therein, the Vsin i-distribution of late B-type stars in tightly
bound clusters has a bimodal distribution of true rotational velocities V, where it is then
speculated that the group of larger values of V could be broad and the axes of rotation
being rather aligned, i.e., while there is a paucity of Vsin i from roughly 80 to 160 km s−1,
the larger values of V correspond to a distribution of Vsin i from 160 to 400 km s−1 with
a maximum at Vsin i = 230 km s−1. The distribution of V for all B-type field stars is
consistent with a Maxwellian law, in accordance with which was predicted by Deutsch [487]
using methods of statistical mechanics and assuming random orientations of the axes
of rotation. Guthrie [485] concluded that the older subgroups originally had a similar
distribution of rotational velocities to those of young subgroups, but the excess of slow
rotators was probably formed at a later epoch, out of materials with low or exhausted
angular momentum.

Maeder et al. [488] used the fraction of Be stars in different galactic regions and Magellanic
Clouds as a surrogate indicator for the influence of the metallicity on the rapid rotation of
stars. The results show that the lower the metallicity the faster is, the stellar rotation, a
phenomenon that can be easily explained assuming that, under similar distributions of initial
angular momentum, stars having lower metallicity rotate faster because their radii at the
ZAMS are smaller than those of stars with higher metallicity. Keller [337] also studied the
effect of metallicity on the rotation of B-type stars in the LMC. He concluded that stars in
clusters rotate more rapidly than in the surrounding field regions, and that both field stars
and stars in clusters rotate more rapidly in the LMC than in the Galaxy.

7.2. Stellar Axial Rotation of Field and Cluster B and Be Stars

Strom et al. [340] formulated the hypothesis that large differences can exist among the
rotational velocities of stars born in forming regions having large densities compared to
those formed in regions with low densities. The hypothesis is that differences in accretion
rates should leave imprints characterizing the axial rotation of stars, because higher accre-
tion rates in denser regions produce a higher rotation favored by the initial radii along the
birth line, which are larger among stars having masses in the range 4.5–9M�. These objects
should then show the largest differences in the rotation speeds, which is a direct result of a
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greater spin-up during the contraction period towards the ZAMS. However, at even higher
masses, the difference in rotation speeds between the cluster and field stars can be smaller,
because the initial radii along the birth line are similar, or they can even be identical if the
birth line joins the ZAMS.

Strom et al. [340] have compared the rotational velocities of B0–B9 stars in the dense
double cluster h and χ Persei with those in the nearby field having roughly same ages
ranging from 12 to 15 Myr. The age group represented by masses in the range 3.5–5M�
have twice as large average rotational velocities 〈Vsin i〉 than nearby field stars do. This
ratio is about one and a half that of the field for objects with masses from 5 to 9M�, and
velocities are just slightly different between the younger groups with 9–15M�, as foreseen
in the above formulated hypothesis. This hypothesis was studied in two other contributions
by Wolff et al. [347] and Wolff et al. [348]. In the first one, using a large sample of B0–B3
stars in nine clusters and respective neighborhood fields, the authors confirmed that the
rotation velocities of stars in clusters are larger than for field stars, and that there is a lack
of slow rotators among stars in the clusters. Moreover, the velocities of stars with masses
from 6 to 12M� do not seem to change significantly over an initial evolutionary period
from the ZAMS up to 12 Myr. In the second contribution, it is shown that rotation velocities
in the compact R136 LMC cluster are larger than those in the nearby field stars, and also
that the LMC stellar rotation velocities both in the R136 LMC cluster and field are larger
than those in the MW stars in similar clusters and fields. In these last comparisons, the
difference between LCM metallicity and the average one in the MW plays a significant role
in the establishment of the noted axial rotation velocity difference.

In a study of rotational velocities of B stars in the Galactic clusters NGC 3293, NGC
4755 and NGC 6611, Dufton et al. [318] note that, in the two older clusters NGC 3293 and
NGC 4755, the true rotational velocities of all B-type stars have a Gaussian distribution,
and that the Vsin i are larger than those of field stars, which agrees with the conclusions by
Strom et al. [340]. They also find a spin-down effect for stars with masses 15 . M/M� . 60,
which is probably due to angular momentum loss by strong stellar winds.

Huang and Gies [323] studied the rotation of B-type stars in 19 MW open clusters with
ages spanning from 6 to 73 Myr. As compared to nearby field stars, clusters have fewer
slow rotators, which in a way agrees with the findings in the above cited works by Strom
et al. [340] and Wolff et al. [347]. At ages > 10 Myr, the number of rapid rotators increases.
However, contrarily to Strom et al. [340] and Wolff et al. [347], Huang and Gies [323]
speculated that the field stars rotate more slowly than their counterpart in clusters because
they are slightly more evolved. In Huang and Gies [489], the authors addressed the study
of the evolution of the axial rotation of OB stars in clusters with masses in the range from
8.5 to 16M� and find that the rotation of these objects slows down during the MS phase.
The small number of rapid rotators found in their sample are supposed to be spun up
in the short secondary contraction phase, or by mass-transfer in close binaries. Their
sample has many He-weak and He-strong objects having Teff < 23,000 K. For stars with
Teff < 18,000 K, the He abundance is characterized by a broadly scattered distribution,
which impedes to differentiate between the He-weak, He-normal, and He-strong stars. This
makes it impossible to study the He abundance changes due to evolution. However, the
He abundance augments at advanced evolutionary stages in more massive and highly
rotating stars, which supports the theoretical prediction of mixing induced by rotation.
By comparing the rotational velocities of the field and the cluster samples, Huang and
Gies [349] concluded that the main reason for the overall slower rotation of the field
sample is that it contains a larger fraction of older stars than found in clusters. Since in the
approach by Huang and Gies [349], the estimated log g parameters are better surrogates
of stellar ages than the spectral-type groups defined in Strom and Wolff et al., where they
considered the spectral classes as indicators of groups having distinct evolutionary stages,
their conclusions cast some doubts on the incidence of higher densities in the formation
environments to produce faster rotators.
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The interesting subject of the stellar rotation census of B-type stars from ZAMS to
TAMS was addressed by Huang et al. [353], where the results indicate that the rotational
distribution functions of V/Vcrit for the least evolved B stars show that those with lower
masses are born with a larger proportion of rapid rotators than higher mass B stars. Never-
theless, the upper limit of V/Vcrit separating highly rotating B stars from B stars without
emission lines is smaller among the higher mass B stars. The spin-down rates observed
in stars with masses ∼ 9M� agree rather well with theoretical predictions, but the rates
are larger for the low-mass group (mass ∼ 3M�). The faster spin-down in the low-mass
B stars agrees well with the predictions based on differential rotation if the angular mo-
mentum is conserved by individual shells. The results also suggest that, among the fastest
rotators, which are probably Be stars, the most massive ones have probably been spun up
by evolution. It is not excluded that the merger phenomenon in binaries may explain the
rapid rotation in many cases over the full range of B star masses.

Using the data published in all the above cited works, the quoted results are summa-
rized in a graphical way in terms of the true rotational velocities V and ratios V/Vc, and
(Vc is the critical equatorial velocity) as a function of the stellar mass M/M� and fractional
age t/tMS (tMS is the time spent by a star in the MS) in Figures 28 and 29. The distributions
of velocities and velocity ratios are histograms smoothed using the methods specified in
Zorec et al. [127]. From Figure 28, it can be concluded that field stars are slightly more
evolved than those in clusters, as claimed in Huang and Gies’ papers. It is also obvious
that in clusters, there is a good probability of finding a larger fraction of more rapid stars,
as suggested by Strom et al. [340] and Wolff et al. [347]. Figure 29 resumes the evolution of
field and cluster stars, which shows that within the margins of uncertainties, there is a small
difference among the field stars with mass M . 5M�, as found in the first quarter of the MS
lifespan. The diagram suggests a slight acceleration of the rotation for the low-mass stellar
group that passes from the fractional age intervals 0 . tMS . 0.25 to 0.25 . tMS . 0.5.
They show no particular evolution until the last age interval 0.75 . tMS . 1.0, except that,
in this last case, the distribution of V/Vc against the mass is more scattered. Concerning the
cluster stars, it is apparent that the less massive stars have on average larger values of V/Vc
than the more massive ones, but for all masses and fractional age intervals, they have on
average larger ratios V/Vc than field stars. In the age interval 0.75 . tMS . 1.0, there seem
to be a lowering of ratios V/Vc among the less massive cluster objects. The acceleration
noted for stars with M & 15M� should not be taken at face value, since there are very few
objects entering the calculation of 〈V/Vc〉. The behavior of the rotational velocities of field
stars with masses M . 3M� is described in some detail in Section 8.4.

7.3. What About Be Stars?

In the preceding studies, no particular attention was paid to Be stars for reasons
that can lead them to become rapid rotators. There are at least three reasons that were
observationally put to test in order to try to understand why they are extreme rotators:
(1) the Be star may have been born as a rapid rotator; (2) the mass transfer can produce
efficient spin up; and (3) evolutionary factors can produce spin up during the MS evolution
of B stars.

Fabregat and Torrejón [490] concluded that the highest fractions of Be stars in clusters
having spectral types B0–B2 appear more often at ages from 13 to 25 Myr, which could be
interpreted that they have undergone evolutionary spun up by the end of a B star’s MS
lifetime. Keller et al. [491] also finds that the fraction of Be stars attains a maximum at the
end of the MS. Similar behavior can be seen in the Be population of young clusters in the
Magellanic Clouds. These results may suggest that there is an evolutionary enhancement
of the frequency of the Be phenomenon toward the end of the MS lifetime as a consequence
of a spin-up produced by angular momentum redistribution phenomena related to the
stellar evolution.
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Figure 28. Two left blocks: smoothed and normalized distributions of the true V and ratios V/Vc of the
B-type star rotational velocities with masses M < 8M� (upper row) and with masses M > 8M� (lower
row). Right blocks: histograms of fractional age distributions t/tMS of stars in the respective left blocks.
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Figure 29. Average ratios of true velocities V/Vc of field and cluster B-type stars against the stellar
mass M/M� per fractional age t/tMS intervals.

From a photometric study of Be stars in more than 50 MW open clusters, McSwain and
Gies [492] noted that the frequency of Be stars correlates neither with the gradient of the
metallicity in the Galaxy, as could be expected from the discussion by Maeder et al. [488],
nor with the cluster density proposed by Strom et al. [340] and Wolff et al. [347]. On the
contrary, McSwain and Gies [492] found that the fraction of Be stars increased with age
until 100 Myr, and Be stars are most common among the most massive B-type stars above
the ZAMS. They showed that a spin-up phase at the TAMS cannot produce the observed
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distribution of Be stars, but up to 73% of the detected Be stars must have been spun up by
mass transfer in binary systems. The remaining Be stars could be rapid rotators at birth.

In the above-cited photometric studies, no correction of magnitudes and photometric
color indices were carried for overluminosty and reddening induced by the circumstellar
discs of Be stars [18,152], nor were they corrected for rapid rotation effects [259], which
can introduce significant age overestimates [493]. Using BCD parameters, which avoid the
perturbation effects due to circumstellar emissions, Zorec [20] showed that Be stars appear
throughout the MS evolution lifespan. Correcting fundamental parameters for rotational
effects, Zorec et al. [61] brought additional proof that the Be phenomenon can appear at
any evolutionary stage from ZAMS to TAMS.

As noted in the introductory paragraph of this section, stars can gain angular momen-
tum thanks to mass transfer phenomena in binary systems [494,495]. Klement et al. [496]
confirmed the existence of far-infrared SED turndowns in a series of 26 Be stars, which can
be due to the presence of companion stars that influence the structure of the Be star CD.
The confirmation of the mass transfer phenomenon as responsible for the rapid rotation
of these Be stars is now suspended to the confirmation of the subdwarf nature of their
companions. A further discussion on the merger phenomenon is performed in Section 8.1.

7.4. Distribution of the Rotational Velocities of B and Be Stars

Among the first statistical studies carried out on the distribution of Vsin i parameters
can be noted the discussion by Huang [497]. He speculated on the possibility that the
spin vector of the star follows a Maxwellian distribution, as previously suggested by
van Dien [498] for B-type stars. Assuming that the rotational velocity decreases as the
space velocity increases when stars become older, Huang [497] also expected to find some
correlation between the rotational velocity and the space velocity, but the results were not
conclusive.

Since the sin i projection factor obliterates the actual information carried by the true
stellar axial rotational velocity V, Slettebak [499] and Slettebak and Howard [500] used a
homogeneous sample of Vsin i parameters to study the distribution of the true velocity V
of B-type stars gathered in two sub-spectral type groups: B2–B5 and B8–A2. To this end, he
employed the analytical representation of the true rotational velocities suggested by van
Dien [498]

Ψ(V) = (J/
√

π)
{

exp[−J2(V −V1)
2] + exp[−J2(V + V1)

2]
}

(49)

where J and V1 are free parameters which can be determined using the Abel-like integral
equation studied by Kuiper [501] and Chandrasekhar and Münch [502], which transforms
Ψ(V) into the distribution of apparent rotational distribution Φ(Vsin i) assuming that
the inclination angles are distributed at random. Slettebak concluded that the mean true
rotational velocity of the main-sequence stars with types B2–B5 is approximately 200 km s−1,
which is a little larger than the corresponding one for the B8–A2 stars. In both groups, no
distinction was made between B-types stars with and without emission. Moreover, the
subdivision of main-sequence stars into B1–B3 and B5–B7 groups shows that the B5–B7
stars have the greatest axial rotation, and the stars of intermediate luminosity have a smaller
axial rotation than the main-sequence stars. A detailed study of true rotational velocities of
stars in groups of spectral types O9–B1.5 and B2–B5 was carried out by Balona [324]. The
Vsin i parameters were transformed into the system established by Slettebak et al. [317]
and the distributions of Vsin i were corrected for measurement uncertainties using the
method of Eddington [503]. The stellar sample was carefully divided into dwarfs, giants,
supergiants, but also dwarf and giant emission-line stars, and binaries. Balona [324] used
polynomials to represent the distribution functions Φ(Vsin i) and Ψ(V) and concluded that
B stars probably do not rotate as solid bodies. Because of difficulties to decide whether the
studied Be stars were dwarfs or giants, no conclusion was drawn on their critical rotation.
Nevertheless, the distributions of the Be star true rotational velocities show that almost all
are far from being rotating near their break-up velocity.
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From a compilation of rotational parameters, in Figure 30, the distributions of true
rotational velocities of B stars are shown with and without emission lines listed in the Bright
Stars Catalog [147,148]. These distributions were calculated using the Lucy–Richardson
method [504,505]. Corrections for observational uncertainties as detailed in Zorec et al. [127]
were taken into account to transform the distributions of Vsin i into distributions of true
rotational velocities. These enable having a first overview of the effect of the evolution of
rotational velocities, as well as differences between their values for B and Be stars. The
population of B stars without emission lines encompasses objects of different classes, Bn, B
magnetic, etc., which can be readily realized due to the irregular aspect of their distribu-
tions. The distributions of true rotational velocities are shown in Figure 30, where it can be
seen, mostly for Be stars, that the lower the maxima of distributions are, the more evolved
the stars are. The evolution of rotational velocities in Be stars has also been studied by
Yudin [506], who shows that the average of ratios V/Vc per spectral type classes increases
as stars evolve in the MS.
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In the above discussions, the overestimation of the Vsin i parameters due to the GD
effect in stars with rapid rotation was not taken into account. For the first time, this was
performed by Stoeckley [382] in a study of Be stars. As already noted in Section 5.4, the
GD effect induced an underestimation of the Vsin i parameters in rapid rotators, which
encouraged Stoeckley [382] and Townsend et al. [384] to conclude that Be stars rotate
close to the equatorial breakup velocity. Cranmer [385] and Zorec et al. [127] produced
distributions of V/Vc ratios with Vsin i parameters corrected for GD effects which enable
the calculation of the fraction of Be stars which are critical rotators in the studied sample.
This correction uses the theorem of von Zeipel with β = 1, which overestimates the GD
effect [260,280]. Cranmer [385] and Zorec et al. [127] conclude that just a tiny fraction of
Be stars are perhaps critical rotators. The distribution of their V/Vc is near symmetrical,
it covers the range of velocity fraction 0.3 . V/Vc . 1.0, and the maximum of their
frequency is at V/Vc ' 0.65 (as can be seen in Figure 31). The small fraction of stars in
the 0.95 . V/Vc . 1.0 interval could have these characteristics only temporarily. This
could be due to the prograd velocities of non-radial pulsations that add to the stellar rapid
rotation, and put the object in conditions of critical rotation that help trigger discrete mass
ejections [126]. This could also correspond to evolutionary phenomena, as discussed by
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Krtička et al. [128]. Nevertheless, the large majority of Be stars do not rotate at their critical
limit. Marsh Boyer et al. [354] also concluded that Be stars in the h and χ Per clusters are
not critical rotators, but no clear correction of the measured V sin i parameters for the GD
effect is apparent in this work.
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Figure 31. Distributions Φ(u) obtained with Stoeckley’s corrections Σ(η) calculated for different
values of η: η = η∗; η = ηmin; η = 1.0 and η = 0.0. Adapted from Zorec et al. [127].

Because the distribution Φ(u) of ratios u = V/Vc depends on Stoeckley’s correction
Σ given in Equation (44), it is worth showing its dependence on the adopted value of
the acceleration ratio η. In Figure 31, four extreme cases are shown: (a) all stars have the
lower possible rotational parameter ηmin, i.e., the value derived when we consider that
V(ηmin) = Vsin i (dashed green line); (b) Stoeckley’s corrections estimated for the critical
rotation, i.e., V(η = 1) = Vc (red line); (c) neglecting Stoeckley’s correction, i.e., η = 0.0 in
all stars (black dashed line); (d) Stoeckley’s corrections estimated for η = η∗ derived for
each star individually (blue full line). As expected, approximation (a) produces a slight
excess of slow rotators (dashed green line); solution (b) is characterized by an excess of
rapid rotators; (c) the distribution is shifted to smaller values of u = V/Vc.

In this section, we mentioned several methods that were used by different authors
to obtain the distribution of the true rotational velocities of stars, particularly those of Be
stars used to test their critical or non-critical character as rotators. There exist, however,
other methods to deconvolve the known Fredholm integral that relates the distribution of
apparent rotational velocities with the probability distribution of true rotational velocities,
although so far, they have not been applied to discuss the specific cases of stellar rotational
velocities. Curé et al. [507] developed a method to deconvolve this inverse problem through
the cumulative distribution function for true stellar rotational velocities, which completes
thus the work of Chandrasekhar and Münch [502]. Christen et al. [508] discretized the
Fredholm integral using the Tikhonov regularization method to directly obtain the proba-
bility distribution function for stellar rotational velocities. Orellana et al. [509] proposed a
method based on the maximum likelihood (ML) estimate to determine the true rotational
velocity probability density function expressed as the sum of known distribution families.

7.5. Rotational Velocities of B and Be Stars as a Function of the Metallicity

Stars with low metallicities undergo less violent nuclear reactions and are consequently
more compact. Given a similar distribution of total angular momenta in media of different
metallicities, stars will on average have faster rotational velocities the lower the metallicity
is. Motivated by this fact, much effort has then been devoted to comparing the rotation
rates of OB stars to the center of our Galaxy and as a function of the metallicity in our
neighboring SMC and LMC dwarf galaxies. These comparisons have been made using
Be stars as testimonials and as rotators, knowing that they are indeed very fast rotators.
Thus, Maeder et al. [488] found that the fraction of number of Be stars N(Be)/N(Be + B)
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increases if the metallicity decreases. On the other hand, Martayan et al. [345,346] studied
the distribution of true velocity ratios V/Vc as a function of the Be star mass and as a
function of the metallicity, using MW, SMC and LMC stars. Their results, summarized in
Rivinius et al. [40], show that the Be stars of all masses have on average relations V/Vc
closer to 1 the lower the metallicity of the medium is where they were formed. The angular
velocities of SMC Oe/Be stars are on average 〈Ω/Ωc〉 ' 0.95 in the ZAMS, which are in the
theoretically predicted zone for the Long-Gamma-Ray-bursts (LGRBs) progenitors [510].
Martayan et al. [511] discussed this occurrence and considered that low-metallicity early Be
and Oe stars can be potential LGRB progenitors. They estimated the yearly rate per galaxy
of LGRBs and the number of LGRBs produced in the local universe up to z = 0.2, which
agreed with the observed rate.

Recently, Ramachandran et al. [512] compared the distributions of Vsin i parameters
of OB stars in the MW [318,355,358], SMC [346,356,357] and LMC [350,513]. These distribu-
tions concern all OB stellar masses together, without particular distinction regarding the
object peculiarities. From these comparisons, rough relations were obtained showing the
variations of peaks of Vsin i distributions and fractions of stars having Vsin i & 200 km s−1

as a function of metallicity. The relations obtained are

〈Vsin i〉peak = −121× log(Z/Z�) + 22 km s−1

fraction = −0.2× log(Z/Z�) + 0.1 ,
(50)

which clearly show that the lower the metallicity is, the larger the rotational velocities
are. These relations depend on the characteristics of the evolution of the stellar rotational
velocities in environments having different metallicities. In fact, apart from of the stellar
size dependent on the metallicity of the medium where they are formed, which may
characterize the initial stellar rotational velocity, the further evolution of the stellar surface
rotational velocity is also determined by the mass-loss rate. These rates are significant in
massive stars and they depend on the metallicity. They are stronger the higher metallicity
is [514].

7.6. Two Different Visions on the Origin of the Stellar Angular Momentum

Krumholz [515] summarized and discussed the two main different classes of models
proposed for the formation of massive stars. The first postulates that massive stars are
assembled in a similar way to their lower mass counterparts, i.e., from in-falling material
located in a rotating protostellar core, channeled by a magnetic field and rooted in the star
through a circumstellar accretion disc, called the ’magnetospherically mediated accretion’
(MMA). According to Bonnell et al. [516], massive stars should form preferentially in
cluster-forming environments. The second class of models stipulates that massive stars
start their formation as low-mass protostellar cores in clusters and then grow up via mergers
of cores located in regions where the density of cores is high (as can be seen in [517] and
references therein). They can be referred to as ’core merger’ models (CM). Wolff et al. [341]
tackled the problem of determining through observational tests which of these contrasting
models—MMA or CM—dominates in nature. Data for O-type stars combined with data in
the literature show that over a mass range from 0.2 to 50M� the specific angular momentum
J/M of stars varies slowly and continuously as J/M ∝ M0.3. Moreover, nearly all stars in
this mass range rotate along the birth line at rates that are not larger than 〈V/Vcrit〉 ∼ 0.3.
These findings lead the authors to conclude that a single mechanism must be at work to
keep the rotation rates low and at similar values for stars of all masses at birth, and that
their results seem to rule out CM models, or at best, they must be the exception. The
continuity of angular momentum properties across the whole mass range from M stars to
O stars argues for a common formation mechanism through a disc.

Because a high fraction of massive stars, perhaps the majority, are born as members of
close binary systems, the populations of early-type MS stars may contain stellar mergers and
several products of mass transfer in binaries. de Mink et al. [215,216] have undertaken the
simulation of a massive binary-star population typical for our Galaxy, assuming continuum
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star formation. de Mink et al. [215,216] have found that 4–17% of early-type stars can be
the products of mergers in binary systems and that 15–40% of MS massive stars are the
products of binary interactions. Due to these binary interactions, 10–25% of all massive
MS stars have rotational velocities in excess of 200 km s−1. In spite of several uncertainties
related to the mass transfer efficiency and the detailed treatment of magnetic braking, the
fraction of rapid rotators these authors derive is quite similar to the observed one. This
casts some doubts on whether single stars can be formed as rapid rotators. Predictions
allow for the possibility that all early-type Be stars result from binary interactions. Finally,
the interpretation of anomalies of chemical abundances induced by rotational mixing is
also strongly challenged by this working frame.

8. Understanding the Evolution of Rotational Velocities in Single Early-Type Stars
8.1. Models of Stellar Evolution with Rotation

In spite of the numerous efforts made to understand the evolution of rotating stars
e.g., [154,255,290,518,519], the results obtained until now cannot be entirely validated,
because they depend on several strong assumptions which are difficult to confirm, and
because the model predictions have not been confronted with observations in all its aspects.

One of the greatest unknowns concerns the internal angular momentum transport. On
the one hand, models by Maeder and Meynet [154] are based on diffusive and advective
transport of angular momentum, while those by Heger et al. [255] consider only diffusive
transports of angular momentum. More recently, Potter et al. [307,519,520] considered
‘shellular’ rotational velocity distribution as in the aforementioned models, but have taken
into account both diffusive and advective transports of angular momentum, and tested
several prescriptions for the many intervening diffusion coefficients. Moreover, they did
not impose rigid rotation in the stellar convective core. On the other hand, all these models
make, however, evolve stars assuming rigid rotation at the Zero-Age-Main-Sequence
(ZAMS). This implies that, in all cases, stars are assumed to have the minimum possible
content of total angular momentum, which is limited to a ratio of kinetic rotation energy, K,
to gravitational potential, W, not exceeding the ratio for a rigid critical rotation K/|W| '
0.01. This rotation law switches in quite short time scales to a differential rotation law,
in some 104 y [254,521]. Internal differential rotation in stars has then every chance to be
present before the stellar ZAMS phase. Nevertheless, before the ZAMS each star had a
long pre-main sequence (PMS) evolutionary history, where, in any of its stages, it does not
necessarily acquire a strict rigid rotation. Rigid rotation in the ZAMS is mainly supposed
to be justified because: (a) dynamic stability against axisymmetric perturbations could be
warranted for rigid stellar rotators [230]; and (b) the redistribution of angular momentum
can be promoted by the turbulent viscosity [136]. It is then generally assumed that in
the PMS full convection phase, stars become rigid rotators. However, Wolff et al. [522]
concluded from the comparison of rotational rates on both sides of the convective–radiative
boundary that stars do not rotate as solid bodies during the transition from the convective
to radiative evolutionary tracks.

On theoretical grounds, it can be argued that, in the regions unstable to convection,
the redistribution of the specific angular momentum j = Ωv2 can be controlled by the
convective plumes [523], which favor the existence of rotation laws characterized by j(v) '
constant. Moreover, 2D hydrodynamic calculations show that convection does not maintain
rigid rotation, but it produces an internal angular velocity distribution profile Ω(v) ∝ v−p

(v = distance to the rotation axis), with a value of p that corresponds to an intermediate
configuration between the complete redistribution of specific angular momentum and rigid
rotation, 0 . p . 2 (p = 0 is for rigid rotation) [263,524,525]. It was rather recently shown
that, in the stellar convective cores of rotating stars, thanks to the Reynolds stresses, there
is a continuous redistribution of angular momentum that leads to a kind of cylindrical
differential rotation because of a readjustment that tries to establish a constant specific
angular momentum distribution, far from a rigid rotation condition [526–529]. According
to these comments, initial (or ZAMS) internal rotation laws can be differential, which may
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enable, in principle, to concentrate larger amounts of angular momentum towards the
stellar core than that enabled by the rigid rotation at critical regimes, i.e., global energy
ratios that could attain 0.01 . K/|W| . 0.14. Finally, it can be noted that the solar
convective regions, which are not only characterized by significant turbulence, but rotate
differentially, do not conform to any intermediate rotation law between the above and
extreme frames [417]. This rotation law may finally look like one of those that are inferred
if it is assumed that the baroclinic balance relation is obeyed [141].

Undoubtedly, knowledge of the way that the internal angular momentum distribution
is built up during the stellar formation processes may carry important consequences for
the further evolution of stars on the MS. The magnetic coupling between the accretion
disc and the star is believed to spin down PMS objects below the critical surface rotation.
However, Rosen et al. [530] showed that such magnetic torques are insufficient to spin
down massive PMS stars due to their short formation times and high accretion rates. The
mechanism can only be effective if the disc lifetime of massive stars is longer than believed,
or the magnetic fields are stronger than suggested by observations. Haemmerlé et al. [531]
have tackled this problem assuming that the accreted matter has an angular velocity equal
to that of the accreting stellar surface. These authors considered stellar masses ranging
from 2 to 22 M� and found that the stars more massive than approximately 8 M� cannot
reach the ZAMS with velocity rates higher than V/Vcrit ' 0.45, and that for a given ratio
V/Vcrit, the internal differential rotation is of approximately 80% for objects with 2 M�,
but decreases for more massive stars, reaching the 20% in stars with 14 M�. Moreover,
the studied mechanism does not enable one to obtain rapidly rotating massive stars in the
ZAMS. In another contribution, Haemmerlé et al. [532] studied several accretion scenarios
and noted that smooth angular momentum accretion ends up with an angular momentum
barrier that impedes the formation of massive stars. They observed that because shear
instabilities and meridional circulation are quite ineffective to transport angular momentum
during the accretion phase, the internal rotational profile reflects the angular momentum
accretion history. This transport is more efficient by convection. However, as during the
accretion phase, large radiative zones are formed and the angular momentum is conserved
locally, which can lead to significant internal differential rotation. Whatever the angular
momentum accretion scenario during the PMS period, the internal rotation acquires its
initial MS structure in a short fraction of the MS life span and depends on the stellar mass,
its chemical composition and the total angular momentum stored by the star. This leaves
the open question of what the right accretion scenario is?

8.2. Rigid or Differential Rotation: First Observational Guesses

The effects carried by the rapid rotation on the stellar fundamental parameters scale
according to the ratio of centrifugal to gravitational accelerations, η = Fc/Fg = V2R/GM.
From η, it is also apparent that, for a given total angular momentum η ∝ M−3, which
implies that the lower the stellar mass, the larger the effects induced by the rotation
can be. This can be one of the reasons why, in the past, more attention was paid to
studying the internal rotational properties in late-type stars. Knowing that, for inclination
angles distributed at random, it is 〈(Vsin i)2〉 = (2/3)〈V2〉, the displacement in absolute
magnitude ∆MV from the zero rotation main sequence (ZRMS), that can be studied using
the Vsin i parameters by adopting the following expression [257,267,533,534]

∆MV = k V2 (51)

with k being a constant over large MS spectral type domains. In this expression, the value
of k can testify to the nature of the internal stellar rotation: rigid or differential. In a first
attempt, Maeder [535] considered that the expression in Equation (51) should be written as
∆MV = k Vα, since, from observations, both quantities (k, α) vary as a function of the spec-
tral type. However, in Maeder and Peytremann [281] and Maeder and Peytremann [285],
the relation in Equation (51) was adopted to conclude that stars in the interval B6–A7 are
nearly rigid rotators, while the stars of later spectral types do not rotate as rigid bodies.

127



Galaxies 2023, 11, 54

In contrast with these results and also basing their research on the use of Equation (51),
Smith [536] came to the conclusion that, in spite of the uncertainties marring the estimate
of k, particularly the empirical definition of the ZRMS, late-type stars in the Praesepe and
Hyades clusters with absolute magnitudes in the range 1.5 . MV . 4.5 likely have internal
differential rotation, although the rotation profile could not be determined. Some time after,
Cotton and Smith [537] inquired into the values that k may have according to the models
of stars rotating with different internal rotation laws.

Following Oke and Greenstein [538] and Sandage [539], who investigated how rotation
varied in groups of stars across the HR diagram, Danziger and Faber [540] addressed the
question of the distribution of angular momentum in evolving A and F stars by considering
two limiting points of view: (a) all stellar shells in a star are completely coupled, so that
they rotate as rigid bodies; and (b) all stellar shells in a star are completely uncoupled from
each other, so that they are differential rotators.

Danziger and Faber [540] concluded that stars with radii expanded by the evolution
of a factor of no more than 2 seem to rotate as solid bodies, but at more evolved stages,
observations suggest differential rotation. Using similar arguments, Balona [324] concluded
that B-type stars are likely differential rotators. In the same line of thought, and respecting
the progenetic relations of spectral types according to the average luminosity classes of
stars classified in the BCD system, Zorec [20,153] noted that the B and Be stars of luminosity
classes IV and III should behave as having internal rotation laws intermediate between
rigid and completely differential, as shown in Figure 32. According to this figure, Be stars
seem to have a more rigid rotation than B stars without emission, but the separations of
points in the figure are within the uncertainty bars.
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Figure 32. Average true rotational velocity ratios 〈VV/Vλ1 〉 (〈VV = true rotational velocity of stars of
luminosity class V (dwarfs); Vλ1 = true rotational velocity of stars of other luminosity classes identified
by an average λ1 parameter marked in the abscissas) compared to the sequences of evolution of
model ratios of true rotational velocities assuming rigid rotation over the MS evolutionary life span
and complete differential rotation. Adapted from Zorec [20,153].

8.3. Rigid or Differential Rotation: Extreme Behaviors

More detailed studies of the evolution of late B- and early A-type stars were made
by Zorec and Royer [289], where the observed distributions of rotational velocities from
a statistically reliable sample were compared with the models of stellar evolution with
rotation calculated by Ekström et al. [541]. To facilitate the understanding of the observed
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evolution of rotation velocities, let us again consider the already mentioned extreme cases
of their evolution. If it is assumed that late B- and early A-type stars evolve to conserve
their angular momentum, and that, in the ZAMS, they are rigid rotators, as assumed by the
existent models of stellar evolution, then stars on the ZAMS should not have amounts of
total angular momentum larger than they can bear at critical rigid rotation in the terminal
age main sequence (TAMS), i.e., J ≤ JTAMS

crit . Within this restrictive condition, the evolution
of the surface rotational velocities may respond to either an entire redistribution of the
angular momentum at any instant, or to a total lack of exchange of angular momentum
among the stellar shells, i.e., conserving the specific angular momentum. For the rigid
rotation case, the equatorial velocity at a time t elapsed from the ZAMS (t = 0) is roughly
given by

V(t)
VZAMS

=
R(t)

RZAMS

IZAMS

I(t)
, (52)

where [V(t), VZAMS], [R(t), RZAMS] and [I(t), IZAMS] are the stellar equatorial linear rota-
tional velocity, the radius and the moment of inertia at time t and at the ZAMS, respectively.
The moment of inertia is calculated using 2D models of stellar structures with rotation [141].

In the second case, the specific angular momentum will become increasingly centrally
condensed as evolution goes on, so that the amount left on the surface will decrease
strongly as the star evolves from ZAMS to TAMS. For simplicity, we neglect the geometrical
deformation of the stellar surface due to the rotation. The angular momentum of a spherical
shell of width dr is then given by

dJ(t) =
8π

3
ρ(r, t)r4Ω(r, t)dr, (53)

where ρ(r, t) and Ω(r, t) are the density and the angular velocity at radius r and time
t. Ω can be assumed to be uniform over each shell, i.e., a ‘shellular’ distribution of the
angular velocity. If r and r′ are the radii at times t and t′ of the same shell, whose mass
dM(r) = 4πρ(r)r2dr and angular momentum are conserved, we have

Ω(r′)/Ω(r) = (r/r′)2 (54)

which, for the equatorial velocity at t and t′ in the stellar surface, implies that

V(r′)/V(r) = Re(t)/Re(t′) (55)

where Re(t) and Re(t′) are the equatorial radii of the star at times t and t′, respectively. The
details of calculations of the surface stellar rotational velocities in these two extreme cases
can be seen in Zorec and Royer [289].

For the sake of comparing the evolution of rotational velocities with model predictions,
the observed Vsin i parameters in Zorec and Royer [289] were grouped by mass and age
intervals so as to obtain averages 〈Vsin i〉 that were converted into 〈V〉 assuming a random
distribution of the inclination angles. In this section, we compared the observed true velocity
ratios against the fractional time t/tMS (tMS which is the life span of a star from the ZAMS to
the TAMS) for stars with masses ranging from 〈M/M�〉 = 2.5 and 3.0, with the calculated
evolution of velocity ratios according to Equations (52) and (54). This comparison is shown in
Figure 33. Figure 33a shows the ratios 〈V/VZAMS〉 against the fractional time t/tMS, and in
Figure 33b, the ratios 〈V/Vcrit〉 are compared. The width of the shaded curves corresponds to
the mass range 1.5 ≤ M/M� ≤ 3.0 used for the calculation. The outstanding characteristic
of 〈V/VZAMS〉 curves is that they increase fast in the first third of the MS phase, and they
decrease more or less monotonically in the second half of the MS phase. Owing to the shown
uncertainties, it is not possible to say that the slopes reveal a slightly faster decrease than
predicted for differential rotators. If it were actually the case, this decrease could imply
some redistribution of angular momentum toward the center of the stars. In Figure 33b, the
evolution of ratios 〈V/Vc〉 is shown against the fractional time t/tMS, where the calculated
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evolution of velocity ratios according to Equation (54) was omitted. Even if the evolution of
differential rotators is not shown in the figure, we notice that the shape of the curve 〈V/Vc〉
differs strongly from what is predicted from the two mentioned extreme possibilities of
angular momentum redistribution. For both mass-groups, in the first third of the MS, the ratio
〈V/Vc〉 increases faster than suggested by the theoretical predictions. The 〈V/Vc〉 reaches a
maximum at t/tMS ≈ 0.3. Then, there is a decrease that lasts roughly ∆(t/tMS) ≈ 0.2, which
is followed by a rather uniform value of 〈V/Vc〉 until the TAMS. In Figure 33, the error bars
represent the uncertainties associated with the averages of velocity ratios and fractional ages.

8.4. Rigid or Differential Rotation: Comparison of Models with Observations

The aim of this section is to shortly review some aspects of the evolution of the
observed surface rotational velocities already used in the preceding section of late B- and
early A-type stars that we take as witnesses of what can be expected as possible trends or
behaviors in more massive stars, i.e., ‘normal’ or ‘active’. Here, the comparison is made
with detailed theoretical predictions, but only for stellar masses M = 3M� because, at the
time of Zorec and Royer [289], it was the only one at disposal.
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Figure 33. (a) Evolution of the averaged equatorial velocity ratio 〈V/VZAMS〉 in the MS lifetime
span, where VZAMS is the true equatorial velocity of stars on the ZAMS having masses 2.5 and 3M�.
The shaded region corresponds to the theoretical evolution of the V/VZAMS ratios for strict rigid
rotators (pink) and differential rotators (blue). (b) Evolution of the equatorial velocity ratio 〈V/Vcrit〉
in the MS life time span. The ratios of true equatorial velocities are calculated for two masses: 2.5
and 3M�. The shaded regions correspond to the theoretical evolution of the 〈V/Vcrit〉 ratio of strict
rigid rotators whose total angular momentum is J = Jcrit

TAMS (pink). Let us note that, in this figure, the
ratio V/VZAMS was used, while in Figure 32, we have VV/Vλ1 , where VV replaces VZAMS and Vλ1

indicates the mean velocities per luminosity class. Adapted from Zorec and Royer [289].

Figure 34 shows the comparison of the evolution of observed velocity ratios 〈V/VZAMS〉
and 〈V/Vcrit〉 presented in Zorec and Royer [289] with those obtained by Ekström et al. [541]
for model stars with mass M = 3M� and different initial 〈V/VZAMS〉. The respective model
VZAMS values correspond to the initial velocities V in the ordinates in Figure 34b, where
velocities are presented as ratios 〈V/Vcrit〉. The differences between observations and
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theoretical predictions shown in Figure 34a are eloquent enough to see that, in the first half
of the MS evolutionary phase, the angular momentum in actual stars may undergo different
redistribution processes than those considered in the theoretical predictions. In Figure 34b,
the theoretical 〈V/Vcrit〉 ratios reveal an initial short period where a star redistributes its
internal angular momentum passing from a rigidly rotating object to a differential rotator
at a low-energy regime [154], but the remaining predicted evolution does not resemble the
one inferred from the observed rotation velocities.

A different insight into the evolution of rotational velocities can be obtained by com-
paring the minimum value of the total angular momentum (J/M)min in rigid rotators
required to account for the equatorial velocities, as shown in Figure 33. Because the mass
loss rate in stars with masses M < 3M� is very low, they can be considered to evolve as
conserving their total angular momentum all along the MS phase. According to Figure 33,
four evolutionary epochs can be distinguished: there is the first time interval t/tMS ≈ 0.07,
which represents the ZAMS or the near ZAMS stage, then t/tMS ≈ 0.3− 0.4 corresponds to
the epoch when V is maximum, followed by the epoch t/tMS ≈ 0.65 characterized by the
inflection of V, and finally, t/tMS ≈ 0.9, which corresponds to the evolution approaching the
TAMS. For each evolutionary stage the angular momentum (J/M)min required by the rigid
rotation associated with the observed velocity V can be estimated, as well as the angular
momentum that corresponds to the respective critical rigid rotation (J/M)crit. These values
of J/M are given in Table 2, together with the observed rotational velocity V at the indi-
cated evolutionary stages. Thus, we note: (i) in all cases, it is J/M < (J/M)ZAMS

crit ; (ii) for
evolutionary stages from t/tMS ≈ 0.3 to 0.6, it is J/M > (J/M)ZAMS, which implies that, to
explain the observed rotational velocities, more rotational kinetic energy would be required
than the inferred for rigid rotators on the ZAMS; (iii) the condition J/M < (J/M)ZAMS

crit for
all evolutionary stages means that the evolution of rotational velocities in the MS can be
consistent with the low regimes of rotational energies, i.e., τ = K/|W| < τ(ZAMS)rigid

crit ;
(iv) knowing that, for all evolutionary stages, including the ZAMS, the estimated total
specific angular momentum is for rigid rotators, and the values J(t)/M > (J/M)ZAMS
at any t/tMS > 0 imply that there must be some transfer of angular momentum towards
the stellar surface. However, because rigid rotation in the initial ZAMS epoch demands
Ωcore = Ωenvelope, later evolutionary phases where J/M > (J/M)ZAMS would imply
Ωcore < Ωenvelope, which is nonsensical. An increase in Ωenvelope could then be possible
if stars actually evolve as differential rotators having Ωcore > Ωenvelope. However, the
condition J/M < (J/M)crit

ZAMS suggests that they could be differential rotators with a low

energy regime (τ . τ
rigid
crit ) on the ZAMS; and (v) because the total angular momentum is

conserved during the MS for the studied masses, in stages where J/M > (J/M)crit
TAMS, stars

have to redistribute their total angular momentum and end up behaving as neat differential
rotators in their MS phase (τ & τ

rigid
crit ).

Yang et al. [542] discussed the results by Zorec and Royer [289] and showed that they
can be reproduced by making evolved models with differential rotation since the ZAMS,
where the angular momentum transport is caused by hydrodynamic instabilities during
the MS phase. In their picture, the observed initial acceleration should result in an effect
of outward transport of angular momentum stored in the stellar interior, while in the last
evolutionary stages in the MS, the core and the radiative envelope become uncoupled
with the envelope being uniformly rotated. However, the rapid decrease in the equatorial
velocity during the middle MS phase remains unexplained.

The bi-modality of rotational velocities of stars with masses 2 . M/M� . 4 put
forward by Zorec and Royer [289] was revisited by Sun et al. [543] with a huge stellar
sample from the LAMOST medium-resolution survey [544]. Minor differences in the
distributions of rotation velocity ratios V/Vcrit seem to be looming, but in a sample having
approximately 14,000 stars, a finer selection of binary candidates and chemically peculiar
stars might be required to definitely assess the new results. These authors have, however,
found that a bimodal rotation distribution, composed of two branches of slowly and rapidly
rotating stars, emerges for more stars with masses M/M� ' 2.5, whereas for those with
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M/M� & 3.0, the gap between the bifurcated branches becomes prominent. They also find
that metal-poor ([M/H] < −0.2 dex) objects only exhibit a single branch of slow rotators,
while metal-rich ([M/H] > 0.2 dex) stars clearly show two branches. The difference could
perhaps be due to some unknown high spin-down mechanism, while in the metal-poor
sub-sample, this can partly be produced by magnetic fields.
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Figure 34. Comparison of the observed evolution of equatorial velocity ratios in the MS life-
time span for stars with M = 3M� inferred from observations with theoretical ones calculated by
Ekström et al. [541] (EMMB) for different V/Vcrit on the ZAMS. (a) The evolution of V/VZAMS ratios;
(b) evolution of V/Vcrit ratios. Curves 1, 2 and 3 refer to the different values of VZAMS, which corre-
spond to the values of V in the initial ratios V/Vcrit of panel b. Adapted from Zorec and Royer [289].

Table 2. Synopsis of the average evolution of equatorial velocities of 2.5 M� and 3.0 M� stars.

t/tMS V (J/M)min Vcrit (J/M)crit
km s−1 (1017cm2 s−1) km s−1 (1017cm2 s−1)

M = 2.5 M�

0.07 182 1.086 422 1.974
0.36 231 1.270 391 1.842
0.62 195 1.154 361 1.652
0.90 167 0.875 299 1.201

M = 3 M�

0.07 249 1.558 439 2.389
0.29 290 1.725 410 2.243
0.62 229 1.419 376 2.017
0.90 192 1.157 310 1.431

8.5. Rigid or Differential Rotation: New Observational Inferences

The knowledge of the internal angular momentum distribution in a star may give sig-
nificant clues to the understanding of its origin and evolution. After the method developed
by Rhodes et al. [545] and applied by Deubner et al. [546] to study the subphotospheric
rotation of the Sun, to our knowledge, Ando [547] was one of the first to propose a method
to estimate the inner rotational angular velocity in stars, which is based on the rotational
frequency splitting of non-radial pulsations. The method was meant to produce reliable
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results provided that the identification of pulsation modes is correct and that the mass
and evolutionary stage of stars are correctly estimated. The method uses the one-zone
approximation to calculate the frequency splitting. This zone is identified with an effective
radius that eventually enables determining its angular velocity. Unfortunately, the applica-
tion of the method to three B-type stars (53 Per, β Cep, 12 Lac) was not conclusive on their
differential rotation character due to the uncertainties marring the observational quantities.

Improved methods to infer the internal rotation of stars based on asteroseismic mea-
surements were developed since then [548]. Their application revealed internal differ-
ential rotation and put constraints on the internal rotation of some main-sequence B
stars, e.g., [549–552]. Detailed developments in this field are summarized and discussed
in Aerts et al. [553], where from a stellar sample of more than 1200 stars with masses
0.8 . M/M� . 8, the authors concluded that: ’single stars rotate nearly uniformly dur-
ing the core-hydrogen and core-helium burning phases; stellar cores spin up to a factor
of 10 faster than the envelope during the red giant phase; the angular momentum of
the helium-burning core of stars is in agreement with the angular momentum of white
dwarfs; observations reveal a strong decrease of core angular momentum when stars have
a convective core that current theories of angular momentum transport fail to explain’.
More recently, from a compilation of 52 slowly pulsating B stars for which the internal
rotation has been measured asteroseismically, Pedersen [554] also concluded that the core
rotation frequencies decrease as a function of age and put forward indications of angular
momentum transport taking place on the main sequence.

Incompletely and sparsely concerning different B- and near B-type objects, as well
as methods and models used to interpret asteroseismic data, let us quote some recent
works. Based on a simple three-zone modeling of the internal rotation Hatta et al. [555]
inferred via the interpretation of asteroseismic data of KIC 11145123, a 2M� MS star, that
its radiative region rotates almost uniformly, while the convective core may be rotating
about 6 times faster than the radiative region above. They also found some evidence
for a latitudinal differential rotation in the outer envelope. The study of gravity modes
probed the stellar interior near the convective core and enabled the calibration of internal
mixing processes in 26 rotating stars with masses between 3 and 10 solar masses cover-
ing the entire slowly pulsating B stars (SPB) instability strip and having rotation rates
0.0 . Ω/Ωc . 1.0. The study revealed a wide range of internal mixing profiles, which
could provide further guidance for three-dimensional hydrodynamic simulations of trans-
port processes in the deep interiors of stars. In particular, Burssens et al. [556] found that
the rotational frequencies in HD 192575 (B0.5 V) are different at radii r/R = 0.1 and r/R,
namely f (r/R = 0.1) ∼ 5 f (r/R = 0.7), implying differential rotation. HD 129929 is a
massive (M ∼ 9.4M�) slowly rotating β Cephei pulsator (surface rotation V∼2 km s−1),
where the interpretation by Salmon et al. [557] of its rich spectrum of detected oscillations
revealed the presence of radial differential rotation with the stellar core rotating ∼3.6 times
faster than the surface. From a test of hydrodynamic and magnetic instability transport
processes of angular momentum, it was realized that the impact of the Tayler magnetic
instability on the angular momentum transport is insufficient to account for the astero-
seismic inferences, but they can be accounted for with hydrodynamic processes. Long
ground-based photometric surveys, e.g., [558] and the recent 4-year data provided by the
Kepler mission [559] and the references therein have enabled the identification of rapid
rotators among classical B-star pulsators (considered SPB), where the properties of their
internal structure and pulsations might perhaps become an approximation for Be stars.
This is the case of KIC 7760680 [560], which is found to be a nearly rigid rotator with
V/Vc ∼ 0.26.

The surface differential rotation could be considered as an imprint of the internal
rotation profile [141]. Departures of line profiles broadened by rotation from theoretical
predictions due to a surface rigid rotation were studied by Stoeckley [410], Stoeckley
and Morris [561], Buscombe and Stoeckley [562], Stoeckley et al. [563] and Stoeckley and
Buscombe [412]. In these studies on the surface differential rotation, the interpretation of
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line profiles based on the specific models of the surface rotation lead the authors to suggest
that most of the studied O-, B- and A-type stars with and without emission lines on the MS
may have surface differential rotation with the angular velocity accelerated towards the
pole. The shapes of spectral lines varying with the stellar latitude of α Lyr were studied
by Elste [564] using the classical methods of line broadening. The raised uncertainties on
their interpretation stem on several more or less competing effects, i.e., limb-darkening on
gravitational darkened atmospheres due to rapid rotation, macro-turbulent motions, and
differential rotation.

The existence of zonal currents in the atmospheres of rapidly rotating stars analogous
to those found in planetary atmospheres was suggested by Cranmer and Collins [414].
The induced Doppler displacement resulting from such zonal wind belts can distort the
line profiles broadened by rotation leading to significant departures from the line profiles
predicted by the classical model of rotating stars, which may be interpreted as compo-
nents of differential rotation, but they do not necessarily act as imprints of the stellar
subphotospheric rotation. These zonal wind belts also lead to changes in the photospheric
polarization from those characteristic models with uniform rotation. In any case, Collins
and Truax [376] concluded that the effects due to limb-darkening, differential rotation in
rapidly rotating stars cannot be disentangled using classical methods to measure line rota-
tional line broadening. Interferometric methods to study the surface differential rotation
were proposed by Domiciano de Souza et al. [466] and Zorec et al. [141].

9. Be and Bn Stars, Rapid Rotation Siblings?
9.1. Evolutionary Status of Be Stars

Zorec et al. [61] studied a sample of approximately 100 galactic field Be stars by taking into
account the effects induced by the fast rotation on their astrophysical parameters. The program
stars were observed in the BCD spectrophotometric system, which enabled to minimize
the perturbations produced by the circumstellar environment on the spectral photospheric
signatures. This approach is one of the first attempts at determining stellar masses and ages
by using simultaneously model atmospheres and evolutionary tracks, both calculated for
rotating objects. The stellar fractional ages t/tMS (tMS is the amount of time a rotating star
spends in the main sequence evolutionary phase), as revealed by the mass-dependent trend
as shown in Figure 35. This trend shows that there are Be stars spread over the whole interval
0 . t/tMS . 1 of the main sequence evolutionary phase, and that the distribution of points
in the (t/tMS, M/M�) diagram indicates that among massive stars (M/M� & 12) the Be
phenomenon is present at smaller t/tMS age ratios than for less massive stars (M/M� . 12).
Such a distribution can be due, on the one hand, to higher mass-loss rates in massive objects,
which can reduce the surface fast rotation and prevents the phenomenon occurring at later
stages of the MS phase. On the other hand, the meridional circulation time scales to transport
angular momentum from the core to the surface are longer the lower the stellar mass is, which
then demands the Be phenomenon to appear at later epochs of the MS evolutionary phase.
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Figure 35. Age ratios t/tMS against the mass of Be stars studied in Zorec et al. [61]. (a) Parameters
derived using evolutionary tracks without rotation; and (b) parameters derived using evolutionary
tracks with rotation. Adapted from Zorec et al. [61].

9.2. Distribution of Rotational Velocities of Bn Stars

Herein, the results obtained in Cochetti et al. [146] are reported, where the stellar
samples are marred by some selection effects. Bn stars are currently identified as such when
they are seen rather equator-on, otherwise, the lack of emissions in their spectra does not
enable us to identify those which rotate rapidly but are seen pole-on. Figure 36a,b show
the distributions of the observed Vsin i of their program Be and Bn stars corrected for the
GD effect. In these figures, histograms correspond to the velocity ratios v = Vsin i/Vc.
The superimposed green curves Ψ(v) describe the smoothed distributions of the ratios
v = Vsin i/Vc corrected for observational uncertainties. The cited authors preferred to use
the ratios Vsin i/Vc instead of the Vsin i parameters because the critical equatorial velocity
Vc was consistently estimated with the mass and evolutionary state of each star, which then
minimizes somewhat mass- and evolution-related effects on the distributions [127].

Because pole-on Bn stars are unavoidably missing in this discussion, the distribu-
tions of their rotational velocities do not respect the randomness of inclination angles.
Nonetheless, the distributions of the ratios of true velocities u = V/Vc for both Be and
Bn stars were calculated as the inclination angles were distributed at random. These are
the distributions Φ(u) shown in Figure 36a,b (blue curves). The lack of randomness of
the inclination angles in the distributions of Be star rotational velocities in this work is
impossible to correct. However, they attempted to account for this lack in the distributions
of Bn rotational velocities. To this end, the transformation of the distribution of ratios
v = Vsin i/Vc into u = V/Vc ratios of true velocity ratios was carried out with a probability
density distribution P(i) = sin i of inclination angles that was obliterated from i = 0o up to
some limiting inclination iL using a ’guillotine’ function G(i), details of which can be found
in [146]. The most outstanding result that can be drawn from Figure 36b,c is that changing
the value of iL affects neither the skewness of the distribution nor its mode. The only
characteristic that seems to vary a little more concerns the number of the fastest rotating
stars: the higher the limiting inclination angle iL is, the lower the number of fast rotators is,
and accordingly, the larger the number of objects just behind the mode.
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Figure 36. Distributions of ratios of rotational velocities of Bn stars correction for GD effects.
(a) Histograms of velocity ratios v= Vsin i/Vc; functions Ψ(v) are the smoothed histograms after
correction for observational uncertainties (green curves); functions Φ(u) are distributions of true
velocity ratios u = V/Vc (blue curves). (b,c): histograms, functions Ψ(v) from (a) and distributions of
true velocity ratios u = V/Vc corrected for GD effect and for the density probabilities of inclination
angles bridled at inclinations iL = 30◦ and iL = 60◦, respectively. Adapted from Cochetti et al. [146].

9.3. Evolutionary Status of Bn Stars

Since Bn and Be stars are both rapid rotators, we can ask whether they have similar
structures or other common properties that would enable us to consider them both as
members of a single population and, in particular, to think of Bn stars as potential Be
stars. A first insight into the apparent differences between Bn and Be stars was shown
in Figure 11b using the HR diagram in terms of the BCD (λ1, D) parameters. When
(λ1, D) are transformed into fundamental quantities (Teff, logL/L�), an HR diagram can be
obtained as shown in Figure 37, which concerns the samples of Bn and Be stars studied
in Cochetti et al. [146]. In Figure 37a, parameters are not corrected for the effects of rapid
rotation, while in Figure 37b they are corrected for rotational effects assuming Ω/Ωc = 0.95
for all plotted stars. The main difference seen in Figure 37 is that Bn stars have masses
M . 9M�, while Be stars are present in the whole mass interval 3M� . M . 20M�.
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Figure 37. Panel a: Hertzsprung–Russell diagram of Be (blue points) and Bn stars (red stars) studied
by Cochetti et al. [146] where (logL/L�, Teff) are not treated for rotational effects. Panel b: same
as in Panel a, but parameters are corrected for rotational effects, assuming that for all stars, it is
Ω/Ωc = 0.95. The evolutionary tracks are from Ekström et al. [145] without rotation (Panel a), and
with rotation (Panel b) where Vo = 300 km s−1 in the ZAMS. Adapted from Cochetti et al. [146].

Another way of presenting the evolutionary stage of Bn and Be stars is using masses
and fractional ages (M/M�, t/tMS), as shown in diagrams of Figure 38. In Figure 38a,b
parameters (M/M�, t/tMS) are plotted without and with correction for rotation effects,
respectively. Figure 38c,d are zooms of Figure 38a,b for masses M/M� . 10, respectively,
in order to better see the behavior of Bn stars (red stars) from that of Be stars (blue points).
These (M/M�, t/tMS) diagrams suggest that Bn stars seem to fill up an apparent gap of
Be stars nested in the mass range 2 . M/M . 4, which encompasses a more or less large
evolutionary span. When rotational effects are not accounted for, Be and Bn stars are likely
located in the second half of the MS. Otherwise, corrections carried on the estimates of
(M/M�, t/tMS) for rotational effects considering Ω/Ωc = 0.95, Be stars are redistributed
from the ZAMS to the TAMS, while Bn are scattered over a rather large evolutionary time
interval downwards to the ZAMS.
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Figure 38. Fractional age t/tMS vs. stellar mass M/M� not treated for rotation (panels a,c), and
using the parameters corrected for rotational effects (panels b,d). Panels c and d are the zooms of a
and b for masses M/M� < 10, respectively. Error bars indicate uncertainties affecting the t/tMS and
M/M� determinations. Adapted from Cochetti et al. [146].

9.4. Rotational Velocities of Be and Bn Stars in the ZAMS

Having a rather small number of B and Be stars in their discussion, Cochetti et al. [146]
could not determine the true rotational velocities V for a statistically significant sample
having fractional ages in a reduced interval near the ZAMS, i.e., 0 . t/tMS . 0.1, in order
for them to be considered witnesses of the respective distribution of rotational velocities in
the initial phases of their MS evolution. Such distributions could provide information to
answer the question as to why some B-type rapid rotators in ZAMS can or cannot display
the Be phenomenon. To infer vague insights into these distributions, they used the model
predictions of changes of the surface rotational velocity [145], which somewhat depends
on the prescribed mass-loss rates. Mass loss is indeed a key phenomenon that controls the
evolution of stars and their surface rotational velocity, so that high uncertainties may also
affect predictions accordingly. In Ekström et al. [145], two series of models were considered
for stars with metallicity Z = 0.02. The first series of models depends on the mass-loss rates
given by de Jager et al. [565] and Kudritzki and Puls [566], here called EMMB; these rates
are specified as Ṁ(EMMB) mass-loss rates. The second series of models relies on mass-loss
rates suggested by Vink et al. [567], referred here to as Ṁ(VdKL). These two mass-loss
prescriptions differ somewhat for t/tMS & 0.5 and carry differences in the evolution of the
V/Vc velocity ratios by the end of the MS phase, mostly for stars with masses M & 9M�.
By interpolating in the curves of the theoretically predicted evolution of ratios V/Vc, the
velocities for t/tMS ∼ 0.01− 0.02, the epoch at which objects acquire a stabilized rotational
law [254], Cochetti et al. [146] obtained the distributions of true equatorial velocities V of
Be and Bn stars in the ZAMS shown in Figure 39.

Apart from a slight shift in the points dependent on Ṁ(EMMB) toward slightly lower
VZAMS values than those calculated using models with Ṁ(VdKL) mass-loss rates for stellar
masses M & 12M�, the effect that seems to be more marked among Be stars, probably
because, for Bn stars, the mass-loss rates are lower or zero, no other significant difference
is apparent in this figure. Then, since both types of objects begin their MS evolutionary
phase with similar rotational velocities and only a fraction of these objects at some moment
display the Be phenomenon, it is worth inquiring a little further into the distributions of
(V/Vc)ZAMS to uncover whether they can reveal other properties that may distinguish Bn
and Be stars in the ZAMS. In Figure 40, it is seen that, independently of the mass-loss rate
prescription, the distributions of (V/Vc)ZAMS have different skewness signs when it comes
to Bn or to Be stars, and that the (V/Vc)ZAMS of Be stars can attain lower values than in
the Bn ones. At the moment, it is not possible to say anything more that would enable to
conclude that these characteristics are responsible for only some B stars becoming Be.
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As already noted, the models on which these conclusions are based use specific receipts for
the diffusion coefficients. They are not all the same in the models by Maeder and Meynet [154]
and Heger et al. [255], and are still different in those by Potter et al. [519]. From the
results obtained by Potter et al. [519] concerning the TAMS rotational velocities, it comes
that they are different according to the used prescription for the diffusion coefficients.
The conclusions reported here on the VZAMS velocities of Be and Bn stars must then be
considered as a mere first approach.

100

200

300

400

500

600

700

V
Z

A
M

S
k
m

/s

2 4 6 8 10 12 14 16 18 20

M/M

M = M(VdKL)

M = M(EMMB)

Be stars (a)

VL

VU

Vc

100

200

300

400

500

600

700

V
Z

A
M

S
k
m

/s

2 3 4 5 6 7 8 9 10

M/M

M = M(VdKL)

M = M(EMMB)

Bn stars (b)

VL

VU

Vc

Figure 39. Equatorial rotational velocities VZAMS of Be (panel a) and Bn (panel b) stars deduced using
the models of stellar evolution by Ekström et al. [541] with mass-loss rates Ṁ(EMMB) (red circles) and
Ṁ(VdKL) (blue triangles). In the figure, the curve of Vc in the ZAMS is shown as a function of the stellar
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to the mass interval M ≤ 10M� concerning the program Bn stars. Adapted from Cochetti et al. [146].
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Figure 40. Normalized histograms showing the distribution of V/Vc ratios in the ZAMS derived for
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10. Rotation of Magnetic B-Type Stars

Magnetic fields can be detected in almost all types of objects over the entire HR-
diagram, cool and hot stars assumed to be single or in binary systems. The presence
of magnetic fields may carry significant consequences on the internal stellar rotation, its
structure and evolution [568], as well as shaping their circumstellar discs or envelopes.
Most often, magnetic fields are measured using spectropolarimetric techniques, but their
presence can also be suggested from photometric and spectroscopic studies. Directly,
magnetic fields are detected through the Zeeman effect that splits spectral lines into several
distinctly polarized components. The easiest detection of the magnetic field signatures is
from the Stokes V polarized vector, whose measurement is frequently performed with the
Least-Squares-Deconvolution method (LSD) [569,570].

Stellar photospheric magnetic fields are basically of two types, fossil magnetic fields
that concern mainly early-type stars which have radiative envelopes, and dynamo-driven
fields in stars with convective envelopes. In hot stars, magnetic fields are thought to be
frozen in the radiative envelope during the early stages of the stellar evolution in the MS.
They frequently have few kG, are rather stable [571], and detected in quite few cases, no
more than approximately 10% of mid- to early-type stars [572].

Among the youngest and most rapidly rotating magnetic OB-type stars, the Hα line
can be seen in emission, whose origin is assigned to a ‘magnetosphere’ [573–575]. According
to Petit et al. [575], there are two types of magnetospheres: the dynamic magnetosphere
and centrifugal magnetosphere. In a dynamic magnetosphere, the stellar rotation is not
fast enough for the radiation-accelerated wind plasma to be slowed down by gravity, and
eventually pulled back to the star. The presence of dynamic magnetospheres is generally
more detected through far-UV lines and by Hα emission, but apparently, this only happens
in O-type stars. The centrifugal magnetosphere exists when, in the magnetosphere, the
gravitational infall is prevented by the centrifugal force [576,577]. Plasma densities in
centrifugal magnetospheres can be significantly higher than in dynamic magnetospheres,
which enable the Hα emission to become strong enough to be detected. Using the Kepler
corotation radius RK, where centrifugal and gravitational forces are equivalent, and the
Alfvén radius RA, which indicates the extent of close magnetic loops, Hα emission is
detected when RK . 2R∗ (R∗ stellar radius) and RA & 8RK [578,579]. Moreover, there is a
correlation between the Hα emission strength and radio luminosity [580]. Magnetic stars
with Hα emission are generally in the first quarter of their MS evolutionary phase [578,581].

Hot magnetic stars can be distinguished from the non-magnetic ones because: (a) they
have peculiar abundances, mainly of He, Fe and Si, either over- or under-abundant that
currently appear in He-strong or He-weak stars, which are thought to arise due to radiative
diffusion in strongly magnetized atmospheres. As these abundance irregularities cover
some fraction of the stellar surface, spectroscopic and photometric variability modulated by
the rotation can be detected. It is then possible to determine the reliable rotational periods
Prot; (b) Magnetic stars are on average less rapid rotators than the non-magnetic ones, which
is attributed to a loss in angular momentum through a magnetically confined magnetic
field [582,583]. This last property also explains that, among them, the more rapidly rotating
stars appear at evolutionary stages with t/tMS . 0.25 [578]. Extensive compilations and
the newly determined astrophysical parameters of hot magnetic stars, in particular Vsin i
and Prot, can be found in Shultz et al. [580,584,585]. Data suggest that the magnetic star
HD 142990 might undergo an irregular rotational evolution [586].

Several surveys aiming to measure magnetic fields in early-type stars have taken
mainly advantage of instruments such as ESPaDOnS, FORS2, Narval, and HARPSpol
spectropolarimeters (3.6 m CFHT telescope, French 2 m TBL, 3.6 m ESO telescope): MiMeS
collaboration [130,587,588], BinaMIcs for magnetism in hot and cool binary stars [589],
BOB (B fields in OB stars) collaboration as an ESO large survey [588,590–595], and LIFE
collaboration dedicated to the magnetic field and evolution of hot stars [596,597]. Thanks
to the TESS and BRITE space missions, it was also possible to find many magnetic hot stars,
including pulsating ones. Using TESS data, the MOBSTER collaboration has shown that
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the rotational ratio V/Vc decreases with stellar age, consistently with the magnetic braking
observed in a population of magnetic chemically peculiar stars [598]. A number of known
magnetic B-type stars were also observed by BRITE and BRITEpol, and the results were
commented by Shultz et al. [599].

Since magnetic B-type stars are also considered chemically peculiar, most often clas-
sified as He-strong and He-weak because their abundances do not agree with those in
normal stars having the same (Teff, log g) parameters, it could also be interesting to see in
what way they can be distinguished according to the physical parameters, particularly
as rotators. In Figure 41, the He-weak (red points), He-strong (blue points), and those
that have not yet been classified are clearly separated as a function of certain parameters,
particularly as rotators, and the intensity of their surface magnetic field (here, we consider
the maximum value measured of the longitudinal magnetic field 〈Bz〉 taken in absolute
value |〉Bz〉|). Data are from Shultz et al. [580,584,585]. According to the existing data,
He-weak stars have log L/L� . 3.25, Teff . 21,000 K, log g & 4.0, and true rotational
velocities V . 150 km,s−1. No distinction between He-strong and He-weak stars can be
established in the (〈|Bz|〉, V) diagram. He-weak stars follow tight (〈|Bz|〉, log L/L�) and
(〈|Bz|〉, Teff) relations, but there is no clear distinction between He-strong and He-weak
objects in the (〈|Bz|〉, log g) diagram. Probably more detailed relations could be established
using the quantitative indices of their chemical peculiarity, namely the index (He/H) or the
discrepancy of the Balmer discontinuity δD given in Equation (10).
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Figure 41. Magnetic B-type stars differentiated into He-weak (red points), He-strong (blue points)
and He-unclassified (open black circles).

11. Rotation of B[e] Stars

Excluding cPNB[e] and SymB[e] stars that identify very specific evolutionary stages
or environmental conditions in binary systems, the stellar classes HAeB[e], sgB[e] and
FS CMa stars are of particular interest for studies of stellar formation and acquisition
of angular momentum, as well as of advanced evolutionary properties associated with
rotation. However, these phenomena can be understood either as concerning single stars, or
objects whose rotational properties respond to evolution in close binary systems [213,215].
The characterization of these objects is not only dependent on their aspects as rotators,
but also on the formation mechanisms of their circumstellar discs or envelopes. Both
characterizations can be formation- and stellar evolution-related. Unfortunately, the spectra
of B[e] stars rarely display features that could be attributed to the photosphere of the central
object, which explains the lack of Vsin i determinations for this class of stars. Moreover, the
fraction of confirmed binaries among them is still not sufficiently high to decide whether
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their characteristics are related to phenomena taking place in single stars, or if they obey
evolution phenomena in a close binary system.

Whatever the possibility, near-critical rotation is frequently evoked to create their
circumstellar environment. This is particularly the case for sgB[e] objects considered single-
evolved stars. If stars are very massive, the Eddington factor can approach Γ→ 1, which
enables the ratio V/Vc → 1 by the end of the MS evolutionary phase [213]. Since, in
post-MS phases, the surface velocity of stars evolves as V ∝ R−1, the critical velocity
ratio can then be attained only in the blue loop passing from the red-supergiant to the
blue-supergiant phase [213]. Because such an evolutionary phase is rather short, it may
explain the scarcity of sgB[e] stars. The critical rotation is accompanied by a strong gravity
darkening, which can favor the existence of fast polar winds, as well as slow and dense
equatorial winds [121]. They may account for the characteristics of the two-component
wind in sgB[e] proposed by Zickgraf et al. [170] and Zickgraf [168] for the hypergiant R126
star in the LMC, where rough estimates suggest an Eddington factor Γ ∼ 0.7.

The rotational velocity was estimated for HD 45677 (prototype of FS CMA class stars)
and HD 50138, and according to their astrophysical parameters, they have rotational veloci-
ties that are far from being critical today. However, their nature as critical rotators lasts a
rather short time. Assuming that these stars today have the observed characteristics because
they underwent a merger phenomenon, theoretical predictions by Schneider et al. [600]
suggest that their initial possible critical rotator nature should only last for a while, be-
cause the magnetic field created in the ’merging’ process slows down the stellar surface
rapid rotation. During this process, a dense envelope prevents the direct observation of
such objects.

The B[e] stars HD 45677 and HD 50138 were considered by some authors as unclB[e],
because they may be escaped from the background molecular clouds on which they appear
to overlap [169].

12. Concluding Remarks

The main conclusions drawn from the first part of this report is that the BCD spec-
trophotometric system is a powerful observational method to study normal and ‘active’ (or
abnormal) stars over a large spectral type interval. Its qualities are:

(1) The BCD system produces parameters that depend on the continuum energy
distribution and are thus related to the physical properties of atmospheric layers that are
on average deeper than those where the spectral lines are formed;

(2) The reduction in low-resolution spectra required in the BCD system can be easily
automated which can provide the rapid physical characterization of stellar objects not
only in deep regions of our Galaxy, but also in other galactic and more or less distant
extra-galactic systems;

(3) The rather short wavelength interval that is required to be observed (λλ3500− 5500)
does not impose long exposure times;

(4) Excepting for some stellar examples where the extreme spectral peculiarities cannot
be apprehended straightforwardly (mainly stars of B[e] class), the spectral signatures from
the photospheric regions and those emitted by their close circumstellar regions can be
clearly separated;

(5) The BCD (λ1, D) spectrophotometric quantities are independent, or can easily
be rendered independent of the interstellar and circumstellar perturbing extinctions,
which helps obtain astrophysical parameters [Teff, log g] free from the marring effects
of these media;

(6) The second component of the Balmer discontinuity, not yet studied in detail in
a theoretical approach of Be stars, keeps precious information on the transition region
between the star and the circumstellar disc, where the transfer of angular momentum to
the disc is organized;
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(7) Discrepancies of the Balmer discontinuity reveal abnormal surface chemical abun-
dances, mainly of He, which can be controlled either by phenomena related with rotation
or with stellar magnetic fields.

Although the BCD system was devised to classify the stars of spectral types between
O and F, it provides important apparent quantities for both normal and active stars, which
can be easily corrected by eliminating effects induced by the rapid rotation. These then
enable to estimate the true stellar masses and determine the corresponding evolutionary
states. This characteristic of the BCD system inspired us to jointly present two topics, BCD
and rotation, which at first glance, appear to be disjoint.

In the second part of the text, a short review was presented on the study of normal and
active B-type stars as rotators. Reminders of some supporting theoretical concepts were
added. The line of thought of this review was related to the angular momentum of stars,
its origin and internal redistribution, although without discussing the hydrodynamic and
magneto-hydrodynamic instabilities that control its evolution. We addressed the problem
of uncertainties marring the Vsin i parameter determination and treated the calculation of
the geometrical deformation of stars with surface differential rotation. The interpretation of
astrophysical parameters and the determination of fundamental parameters in rotating stars
was discussed. Observational and theoretical approaches concerning the origin of the stellar
angular momentum in field and cluster stars were shortly described. There are still dark
areas concerning the mass and angular momentum accretion during the stellar formation
phases, so that it is today impossible to assert how much angular momentum stars can or
cannot store. The modeling and measurement of quantities related to the stellar structure
considered as physical laboratories to probe rotation and the related phenomenology show
that there are still open questions concerning the actual content of angular momentum
and its internal redistribution. It is thus worth mentioning that the existent models of
stellar evolution systematically impose rigid rotation in the ZAMS, while many theoretical
approaches of rotating stellar structures suggest that stars are differential rotators already
at their initial MS evolutionary phase. Differential rotation enables the star to have larger
amounts of angular momentum than supported by the rigid rotation. Even though stars
may try to attain a state of minimal rotational energy (i.e., rigid rotation) during their
evolution in the MS, it should not be excluded that some of their activities are related to
phenomena where they try to get rid of a certain amount or ‘excess’ of angular momentum.
In the most currently calculated models, the ‘shellular’ distribution of angular velocity is
assumed to prevail and control the evolution of rotating stars. However, new approaches
regarding the stellar structure suggest that the internal rotational profile is neither rigid,
cylindrical nor ‘shellular’. Moreover, it was shown in Clement [137] and Maeder et al. [136]
that rapid rotation can destabilize radiative zones against convection. This convection
should happen in deeper and extended zones than just in a small subphotospheric region.
It can produce differential rotation in depth and generate magnetic fields. Activities related
to magnetic instabilities could then trigger mass ejection phenomena to build up the
circumstellar discs in Be stars. To this purpose, non-radial pulsation was evoked many
times. Unfortunately, to be effective, this mechanism requires stars to rotate near critical
rates, a phenomenon which, among Be stars, is more exception than the rule. Differences
between the predicted evolution of surface rotational velocities with the observed one of
intermediate-mass stars were pointed out, which testify the existence of unsolved problems
concerning the mechanisms that control the internal angular momentum redistribution.
The rapid rotation of Be stars and of Bn stars was studied and their evolution compared
during the MS evolutionary phase. A short account is given of magnetic B-type stars,
where rotation is nothing but a phenomenon that helps the magnetosphere in some of these
objects have enough circumstellar matter to produce a detectable line emission. A kind of
distinction is also noted between He-weak (apparently slow rotators) and He-strong stars
(apparently rapid rotators) in diagrams (log L/L�, V) and (〈|Bz|〉, log L/L�). Regarding
the stars presenting the B[e] phenomenon, a lot of work is still required to identify the

143



Galaxies 2023, 11, 54

genuine photospheric spectral lines that will enable determining their actual rotation rate
and identifying what phenomena underlie the origin of a sgB[e] star.

Radiation transfer codes adapted for extended moving media, some of which have
been cited in this review, can certainly provide valuable tools for studying the complex
spectra of B[e] stars. However, the extended atmospheres of these objects probably have
non-spherical geometry, whose shape depends on their rotation law. In addition, the
extended atmosphere could be affected by gravitational darkening, which induces a ther-
mal structure controlled not only by the radial radiative flux but also by a horizontal
one. The horizontal radiative flux has not yet even been considered in the plane-parallel
atmospheres of rapidly rotating stars. As B[e] stars can also undergo mass loss phenomena
through winds and discrete ejections, their extended atmospheres can be in non-radiative
equilibrium, which increases the non-LTE effects. The classical methods used to calculate
the radiative transfer in extended atmospheres to date may be insufficient to tackle the
described phenomenological pattern. In these cases, Monte Carlo simulations might per-
haps be appropriate to carry out the modeling of the radiation transfer in the mentioned
complex atmospheres.
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108. Kurfürst, P.; Feldmeier, A.; Krtička, J. Two-dimensional modeling of density and thermal structure of dense circumstellar

outflowing disks. Astron. Astrophys. 2018, 613, A75.
109. Carciofi, A.C.; Bjorkman, J.E. Non-LTE Monte Carlo Radiative Transfer. II. Nonisothermal Solutions for Viscous Keplerian Disks.

Astrophys. J. 2008, 684, 1374–1383.
110. Millar, C.E.; Marlborough, J.M. Rates of Energy Gain and Loss in the Circumstellar Envelopes of Be Stars: The Poeckert-

Marlborough Model. Astrophys. J. 1998, 494, 715–723. [CrossRef]
111. Millar, C.E.; Marlborough, J.M. Rates of Energy Gain and Loss in the Circumstellar Envelopes of BE Stars: Diffuse Radiation.

Astrophys. J. 1999, 516, 276–279. [CrossRef]
112. Carciofi, A.C.; Bjorkman, J.E. Non-LTE Monte Carlo Radiative Transfer. I. The Thermal Properties of Keplerian Disks around

Classical Be Stars. Astrophys. J. 2006, 639, 1081–1094.
113. Sigut, T.A.A.; Jones, C.E. The Thermal Structure of the Circumstellar Disk Surrounding the Classical Be Star γ Cassiopeiae.

Astrophys. J. 2007, 668, 481–491.
114. McGill, M.A.; Sigut, T.A.A.; Jones, C.E. The Effect of Density on the Thermal Structure of Gravitationally Darkened Be Star Disks.

Astrophys. J. Suppl. Ser. 2013, 204, 2.
115. Thomas, R.N. The Source Function in a Non-Equilibrium Atmosphere. I. The Resonance Lines. Astrophys. J. 1957, 125, 260.

[CrossRef]
116. Thomas, R.N. Some Aspects of Non-Equilibrium Thermodynamics in the Presence of a Radiation Field; University of Colorado Press:

Boulder, CO, USA, 1965.
117. Jefferies, J.T. Spectral Line Formation; Blaisdell: Waltham, MA, USA, 1968.
118. Mihalas, D. Stellar Atmospheres; W.H. Freeman: San Francisco, CA, USA, 1978.
119. Hubeny, I.; Mihalas, D. Theory of Stellar Atmospheres; Princeton University Press: Princeton, NJ, USA, 2014.
120. Viotti, R. Forbidden and permitted emission lines of singly ionized iron as a diagnostic in the investigation of stellar emission-line

spectra. Astrophys. J. 1976, 204, 293–300. [CrossRef]
121. Curé, M. The Influence of Rotation in Radiation-driven Wind from Hot Stars: New Solutions and Disk Formation in Be Stars.

Astrophys. J. 2004, 614, 929–941.
122. Hartquist, T.W.; Dyson, J.E.; Pettini, M.; Smith, L.J. Mass-loaded astronomical flows—I. General principles and their application

to RCW 58. Mon. Not. R. Astron. Soc. 1986, 221, 715–726. [CrossRef]
123. Dyson, J.E.; Hartquist, T.W. Astronomical Bubbles with Clumpy Cores and Accelerating Haloes. Astrophys. Lett. Commun. 1992,

28, 301.
124. Arthur, S.J.; Dyson, J.E.; Hartquist, T.W. Mass-loaded flows—VII. Transonic flows from the cores of planetary nebulae. Mon. Not.

R. Astron. Soc. 1994, 269, 1117–1122. [CrossRef]
125. Kroll, P.; Hanuschik, R.W. Dynamics of Self-Accreting Disks in Be Stars. In Proceedings of the IAU Colloq. 163: Accretion

Phenomena and Related Outflows, Port Douglas, Queensland, Australia, 15–19 July 1996; Astronomical Society of the Pacific: San
Francisco, CA, USA, 1997; Volume 121, p. 494.

126. Kee, N.D.; Owocki, S.; Townsend, R.; Müller, H.R. Pulsational Mass Ejection in Be Star Disks. In Proceedings of the Bright Emissaries:
Be Stars as Messengers of Star-Disk Physics; Sigut, T.A.A., Jones, C.E., Eds.; Astronomical Society of the Pacific: San Francisco, CA,
USA, 2016; Volume 506, p. 47.

148



Galaxies 2023, 11, 54

127. Zorec, J.; Frémat, Y.; Domiciano de Souza, A.; Royer, F.; Cidale, L.; Hubert, A.M.; Semaan, T.; Martayan, C.; Cochetti, Y.R.; Arias,
M.L.; et al. Critical study of the distribution of rotational velocities of Be stars. I. Deconvolution methods, effects due to gravity
darkening, macroturbulence, and binarity. Astron. Astrophys. 2016, 595, A132. [CrossRef]
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Abstract: We present the archive of spectroscopic photographic plates of the Universidad Católica
historic observatory Manuel Foster. The archive includes more than 4800 plates covering the period
of time from 1928 to 1991. The spectra present in the archive are mostly those of bright variable
or binary stars observed at different epochs. We developed a method of digitalization and data
processing for the plates and verified it through the analysis of a selected sample of spectra. As an
example of the potential relevance of this Foster archive we studied the variation of helium, Hβ and
Hγ spectral lines over time (1980−1991), complementing with high resolution spectroscopic data
from the “Be Star Observation Survey” (2012−2015), of four Be stars mainly, α Eri, α Col, ω Car and
η Cen. The spectra of these stars show evidence of a circumstellar gas disk present in both periods of
time. From the spectroscopic analysis, we found these stars are variable in helium and this variability
presents an opposite behavior with the variability observed in the EW of the Hβ line profile. This
archive represents a unique source of data from past that is available for the use of the community.

Keywords: stars: individual: α Eri, α Col, ω Car, η Cen; archive; stars: emission-line, Be

1. Introduction

The historical observatory Manuel Foster of Pontificia Universidad Católica de Chile
(PUC) counts with an archive of spectroscopic photographic plates. The archive includes
more than 4800 plates covering the period of time from 1928 to 1991 with wavelength
range between 3900 and 5150 Å. All plates were obtained with the Cassegrain telescope
of 93 cm in diameter and 16.9 m focal length (F/18). The spectrograph (a copy of the
Mills spectrograph [1]) includes three prisms as dispersing elements, allowing the choice
of three different spectral dispersion, using either 1, or 2 or all 3 prisms. The collimator
of the spectrograph with 724 mm focal length provides a beam of 37.4 mm, the objective
has an equivalent focal length of 16 inches [1]. The low resolution (∼700) optical spectra
(λ 3900−5150 Å) present in the archive (see Section 2.1 for details) are mostly those of
bright variable or binary stars observed at different epochs (see [2]). A full list of observed
targets is available in an excel online (https://docs.google.com/spreadsheets/d/1h2o_
MItVYwjV8F2V3rpG0eLDCQiuq-43mYGuExAUFAY/edit#gid=0, accessed on 5 October
2022 document belonging to PUC. The vast majority of these spectroscopic plates have to
be scanned, and represent a unique database that can be of significant use to the community.
Digitalization of photographic plates is an on going effort at PUC because of the historic
and scientific relevance of this archive. The aim of this paper is to introduce the Foster
archive to the community and highlight the importance of the hidden spectra treasures of
variable stars. In particular Foster spectra can be used to:

• Identify hydrogen emission lines and quantify the strength through equivalent width
(EW) measurements;
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• Measure the violet to red peak intensity ratio (V/R) and the double-peak separation
(DPS) in the case of emission lines in the spectra;

• Measure EW variations in photospheric spectral lines, e.g., HeI/MgII;
• Look for asymmetry in spectral lines.

In this work we analyze the spectral variability of four Southern Classical Be stars
(CBes) observed with Foster. CBes are non-supergiant massive stars with spectral type
spanning from late-O to early-A stars that show at least once in their life hydrogen lines and,
sometimes, metal lines in emission in their spectra (e.g., Hα, Hβ, Brγ). This emission arises
from a gas disk placed at the stellar equator in a thin geometric structure and rotating in a
quasi-Keplerian motion [3–5]. The different disk stages, quiescence, active and disk-feeding
(definitions proposed by Rivinius et al. [6] under which the disk goes through, are studied
following temporal variations. The mid-term variations (order of months) are associated to
V/R variations which are well explained by the theory of one-armed over-density wave [7].
The long-term line intensity variations (months to years) are directly associated to the
formation or dissipation of the circumstellar disk.

Several works have been done in the last years to constrain Be stars’ disk and stellar
parameters. The main question converges in understanding the mechanism(s) triggering
a higher mass-loss rate at the stellar equator capable of driving a rotating equatorial gas
disk. The proposed mechanisms include fast rotation [8,9], non-radial pulsations [10,11],
stellar winds [12,13] and binarity [14,15] (see [16] for a complete review and references
therein). To investigate these mechanisms it is necessary to study a large number of Be
stars in different disk phases and monitor them over time to follow the evolution of their
disks. Furthermore, looking for a correlation between the behavior of the spectral lines
formed in the photosphere and the emission lines from the disk can give insight into the
physics of the disk’s formation and dissipation. In this context, spectroscopic databases
of massive stars covering extended period of time become very important to search for
variability. Then, historical archives can reveal unexpected hidden treasures (see [17] as an
example of the value of ancient spectra).

Spectroscopic plates from the Foster Observatory were used earlier in some research
on Southern Be stars [18] including the study of optical spectra (3900–5100 Å) of 36 Be
stars with measurements of hydrogen, HeI 4471 Å and MgII 4481 Å line profiles. They
mostly focused on the variability of the HeI and MgII line profiles over time, finding an
anti-correlation of the EW ratios that could be related to non-radial pulsations. A similar
work was made by [19] for 10 Be stars and 4 “normal” B-type stars. They obtained similar
values of HeI and MgII EWs when comparing a B star and a Be star of the same spectral
type. However, they observed dependence of the HeI/MgII EW ratio with stellar rotation,
i.e., HeI EWs become larger for faster rotators. Finally, in the case of [20] the authors found
similar conclusions but using the measurement of Hα EWs in the optical spectra of 42 Be
stars observed at CTIO. They found a dependence between Hα EWs and spectral types,
being lower for later-type Be stars.

Other publications describing variability of Southern Be stars observed with Foster,
as well as estimations of the disk cycle, disk size and rotational velocity of the star are
reported in the literature (see [21–23] as examples), probing the potential information
contained in these spectroscopic plates.

2. Extracting the Spectra from Foster Plates
2.1. Observations and Archive Properties

The 2-prism version of the Mills spectrograph, used during the latest activity period
of the Manuel Foster observatory, gives a dispersion of 20 Å/mm at Hγ and a useful
wavelength range from 3900 to 5150 Å. The spectrograms were secured on Kodak II-aO
plates (after baking with Forming gas). He-Ar lamps served as wavelength comparison
line sources acquired before and after the science observations. The slit configuration of the
spectrograph and the position of the He-Ar lamps can be seen in Figure 1 of [2] which also
describes the method for intensity calibration. Calibration plates were taken during most
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observing nights; however, their posterior analysis showed that the final calibration curves
(density to intensity relation) did not vary significantly from night to night, because during
the entire campaign always the same plate type and the same baking and developing
procedures had been applied. Therefore, we finally decided to use in our present analysis a
mean calibration curve, as already presented in Figure 4 of [2].

The archive contains more than 4800 stellar spectrograms of 276 different target stars
(see online excel document (https://docs.google.com/spreadsheets/d/1h2o_MItVYwjV8
F2V3rpG0eLDCQiuq-43mYGuExAUFAY/edit#gid=0, accessed on 5 October 2022). For 88 of
them ≥ 10 spectral plates at different epochs are available, the maximum number is
219 plates for the Wolf-Rayet star γ Velorum. 99 of these targets refer to B III-Ve spectral
types with an average coverage of 45 spectrograms per star mostly observed between
1984 and 1990. The line profile variability was the main aim of this campaign. However,
the number of plates should be taken as an upper limit, because some of the plates are
probably not very useful, affected by bad weather conditions or technical problems, result-
ing in saturation or underexposure. The remaining targets refer to OB supergiants, A-K
supergiants, A-M giants, A-F main sequence stars and Wolf-Rayet stars. The faintest star is
V = 5.7 mag, but most of them are in the range 0.5m ≤ V ≤ 4.5m. We recompiled names
and observation years of all Be stars in the Foster archive which are list in Table A1.

2.2. Digitalization and Data Processing

We developed a procedure of digitalization of the plates which include scanning,
processing and data analysis. In this way we were able to extract scientific information at a
much deeper level than it could be done with previously employed techniques. For the
scanning of the plates we used a digital scanner EPSON Perfection V600 which allows to
scan negative plates with resolution up to 12,800 dpi and 16 bits. The plates have sizes
100 × 27 mm, while the stellar spectra cover an area of approximately 50 × 0.8 mm. This
allows to scan up to 6 plates at a time. The scanning time per plate is about 180 s at 3200 dpi.
In the upper image of the Figure 1 we present a typical example of a digitalized plate.
A zoomed region is shown in the lower image, where the photographic grains are just
resolved at 3200 dpi, which is equivalent to 7.9 µm per pixel.

Figure 1. (Upper) Example of a digitalized plate from the Foster archive scanned with 3200 dpi.
(Lower) Zoom of the previous plate where emission lines of the calibrated spectrum and the photo-
graphic grains are visible.

Data processing is necessary to transform the digitalized images delivered by the
scanner in images that can be used to measure quantities of scientific interest. In particular
the processing of the digitalized plates include:

• conversion from scanner units to photographic density,
• conversion from photographic density to intensity,
• extraction of the target and calibration spectra and
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• wavelength calibration.

The scanner was set to work linearly and provide an output image which, in principle
must be proportional to the amount of light transmitted by the plate, i.e., to the transmission
T. All color or grey-level correction algorithms included in the software were set to OFF.

The photographic density is given by D = − log(T). To calibrate the relation between
the 16-bit output of the scanner and the photographic density we used two neutral density
filters spanning from density 0.04 to 2. One of them is a continuous filter with the density
varying linearly with the position, in the other the density varies by known steps. We
measured the transmission of the neutral density filters in the Lab and verified that their
behavior was according to specs. The result obtained scanning the continuous filter is
shown in Figure 2. The density to intensity conversion was made following the recipe
of [2], in particular we fit the function (8) of [24] to the 130 points of Vogt & Barrera and
inverted the function to calculate the relative illuminating 131 intensity.

Figure 2. (Left) Signal generated by the scanner for the neutral density filter. The 2D image has been
averaged in the spatial direction. The curve shows the conversion from scanner output to photo-
graphic density assuming linear behavior for the filter according to the manufacturer specifications
and also verified by measurements in the Lab. (Right) Example of typical wavelength versus position
solution for the 2 prism configuration.

A constant value of background was measured in the non exposed part of each plate
and subtracted from each 2D spectrum once converted to intensity. The spectrum of the
source was extracted with an aperture which traces the peak of emission in the direction of
the spectral dispersion and averaged to produce a 1D spectrum. A linear trace proved to
be good enough for this purpose, the optimization of the position and tilt of the extraction
aperture is weighted for the brightness of the source. In this way possible misalignment of
the plate or the scanning are compensated. Two calibration spectra are extracted following
the same trace from the two sides of the spectrum of the scientific source. The extraction
process was executed with an optimized procedure in IDL.

The wavelength calibration was performed with the task “identify” in IRAF using the
comparison Argon spectra recorded in the plates on both sides of the scientific spectrum.
Figure 2 shows a plot of lambda versus pixel position for the two-prism configuration of
the spectrograph. Based on these results we found the average of the spectral dispersion to
be 20 Å/mm and for the spectral resolution an average value λ/δλ = 700, for the two-prism
configuration. A typical 1D spectrum wavelength calibrated and normalized is shown in
Figure 3.
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Figure 3. View of a typical 1D spectrum extracted from a scanned plate. The flux normalized
spectrum corresponds to the star η Cen (HR 5540).

3. The Sample

To conduct a pilot study of the variability of CBes and highlight the importance of the
archives containing spectra observed several years ago, we started with four CBes which
count on a large number of observations available: η Cen, α Eri, ω Car, and α Col. These
stars were observed from 1980 to 1991 with Foster. In addition recent information about
the disk phases is available in the literature making them perfect targets for this work.
We complemented the data with spectra from BeSOS database 1 obtained with the “PUC
High Echelle Resolution Optical Spectrograph”, Pucheros, [25] installed at the ESO 50 cm
telescope of the Observatory Universidad Católica, Santa Martina, Santiago, Chile. These
spectra cover the visible spectral range with a spectral resolution of ∼17,000. Observations
were taken between 2012 and 2015, covering an effective wavelength range 4250–7000 Å.
For details on the observations plan and reduction steps, the reader is referred to [26].

4. Method

Since the gas disk of Be stars is optically thin to the continuous radiation in the
optical range, observing emission signatures in Balmer lines is usual, especially Hα and
Hβ. We selected the most relevant spectral lines in common between the first (Foster)
and second period (BeSOS) from Table 1 to perform the measurements (e.g., EW, DPS,
and V/R). Spectral lines in Be stars are usually asymmetric due to non-radial pulsations.
Here, the Foster spectra do not have enough spectral resolution to study asymmetries
and in several cases the spectral lines are distinguishable from the spectra but very noisy.
To avoid adding extra flux in the EWs calculation, we fit a Voigt function to the observed
absorption line profiles (HeI and MgII lines) and then we integrated this function over the
wavelength range. Because Balmer lines are stronger and emission features are presented in
the spectral lines, we performed a piecewise (order-3) polynomial fit to the data points and
then integrated this function over the spectral range to obtain the line EW (see [27]). The
errors were calculated by following the procedure described in [27] for weak and strong
lines. An example of the method is shown in Figure 4 for a Foster spectrum line (solid black
line). The EW area is indicated as the shaded region in pink. In the left and right panel,
the fitted function is represented by a dashed red line and the continuum was set to 1 in all
cases (dashed black line). As this emission feature grows inside the absorption line, the EW
value will be smaller. Then, small values of Balmer lines, in this work, will mean emission
features appearing in the line.
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Table 1. Lines present in at least one observed epoch in each star.

Lines Hζ Hε HeI HeI Hδ HeI Hγ HeI HeI MgII HeI Hβ HeI HeI HeI FeII HeI Hα HeI
(Å) 3889 3970 4009 4026 4101 4143 4340 4387 4471 4481 4713 4861 4921 5015 5047 5316 5876 6562 6678

Name/Sp.T

η Cen F F F F F F F/B F/B F/B F/B B F/B F/B F/B F/B - B B B
B2Ve

α Eri F F F F F F F/B F/B F/B F/B B F/B F/B B B - B B B
B6Vpe

ω Car F F - F F - F/B B B F/B - F/B B B - B - B -
B8IIIe

α Col F F - F F - F/B F/B F/B F/B - F/B F/B B B - - B -
B9Ve

Note: F and B symbols indicate if the line is present in Foster and BeSOS spectra, respectively. For cases without a
line (or difficult to distinguish), the symbol–appears. In the case of FeII lines λλ 4549, 4556, 4584, 4629, 4667 and
HeI λλ 4437, 4120, there are no signatures of these lines in the spectra.

Figure 4. Example of the method used to measure the EW in Helium/MgII lines (Left) and Balmer
lines (Right). The shaded region in pink indicates the EW.

The DPS and V/R measurements were performed over the Hβ line profile. The only
star with no evidence of emission (in the first period) was α Eri and in this case we set the
DPS as the width of the wings. We select the violet and red peaks by visual inspection.
An example of the method is shown in the left panel of Figure 5 for one epoch of the star ω
Car in the Foster archive. To quantify the difference between values obtained with different
spectral resolutions, we selected a BeSOS spectrum of the same star and convoluted it
with several Gaussian profiles of different widths (i.e., spectral resolutions) and then we
re-binned the degraded spectra. We did it up to fit an observed Foster spectrum (see right
panel of Figure 5). We obtained an effective spectral resolution of R∼1500 measured on
HeI 4471 Å and MgII 4481 Å line profiles (dashed red line). After this step, we measured the
EW in the HR and LR spectrum. We obtained a difference of 38% between both lines. We
used this effective spectral resolution to degrade a Hβ line profile to quantify the V/R and
DPS measured difference. We obtained a large difference of 61.7% for the DPS value and
1.6% for the V/R value. Also, we note that for a spectral resolution R∼1500 the minimum
DPS resolved in terms of velocity is ∼200 km/s.

In the following, We present a detailed description of the EWs variation for Hγ and
Hβ Balmer lines; HeI λλ 4387, 4921, and 4471; and MgII line. In addition, we calculate the
DPS and V/R variation for the Hβ emission line for the four CBes studied in this paper (see
Table 1). Information obtained from these measurements is used to study the connection
between the variability of the photospheric lines with the disk phase. EW values for each
star are displayed in the same figure from the latest (bottom) to the earliest spectral type
(top). Each subplot is separated into two periods scaled by ten years (the period between
48,100 to 55,000 JD does not contain data) due to the lack of observations in both archives.
Grid lines in the vertical axes of the plots indicate ranges of 500 Julian days. Then, the EWs
for Balmer and helium/MgII lines are displayed in Appendix B in Figures A1 and A2,

170



Galaxies 2022, 10, 106

respectively. On the other hand, DPS and V/R variations are displayed together with the
spectral lines for both periods and for each star.

Figure 5. Example of the method used. (left) visual inspection to select V and R peaks on the Hβ line
profile in the Foster archive. (right) degraded BeSOS spectrum (solid blue line) to lower resolutions
of R = 1500 (dashed red line) and R = 700 (dotted pink line). In both panels the Foster spectrum is
represented by a solid black line.

We discarded low exposure plates by selecting continuum regions around the ana-
lyzed lines and obtaining an average value, and its standard deviation, σs, for each normal-
ized spectrum of each star2. The implemented selection criterion rejects all spectra with
σs ≥ 0.03. Because some σs values were more significant than the standard deviation
selection criterion for the Foster spectra, the number of EW values is not the same for each
line, and the EW ratio between HeI 4471 Å and MgII 4481 Å is not presented.

5. Results
5.1. η Cen-HR 5440-HD 127972

η Cen is a B2 Ve type star [28,29] showing a shell signature in Hα line profile since the
’60s [30]. By modeling the spectral energy distribution, [26] estimated an earlier spectral
type, B1 Ve, where the best Kurucz model is represented for the following stellar parameters:
Teff = 21,000 ± 210 K, log g = 3.95 ± 0.04, R? = 6.10 ± 0.12 R� and v sin i = 240 km/s.
The truncation radius estimated by modeling the Hα emission line is 12.5 R? with a low
density disk [31]. η Cen is the third occurrence of Be stars showing the particular case of Stêfl
frequencies [10,32,33]. These frequencies are usually temporary and about 10–20% slower
than those associated to typical non-radial pulsations in Be stars. It is strongly suggested
that they correlate with an outburst (mass-loss episodes that increase the emission line).
From our observations archive, we have 40 spectra between 1984 and 1990 (first period)
and 3 spectra spanning 2014 to 2015 (second period). As we can see in the EW plot for
Balmer lines (see Figure A1), between 1984 to 1985, the values are between 3 and 4 Å and
from 1987 a recurrent variation is observed, overall for the Hβ EW, with values ranging
between 1 and 4 Å being on average around 2 Å and representing an increment of the
emission features in the line. In the second period these values are similar to those of
early 1984. Although, as mentioned above, this star presents non-radial pulsations that
seem connected with mass-loss episodes, a further study comparing photometric variations
simultaneously with ground-based observations could help to determine the connection
between these episodes and the changes observed in the disk. Balmer lines for this star
have an EW value between ∼1.0 and 5.0 Å. At the top of Figure A2 the EW variation for
helium lines and MgII is shown. The three lines of HeI maintain a similar behavior and
constant range variation over time. The lines λ4471 and 4921 Å are the strongest. MgII
is weak during the first period, and it was distinguished only in a few plates. During the
second period was very weak and not measurements could be performed. Hβ line profiles
(see Figure 6) present emissions in the wings during a significant period and vary in time.
This emission is present from 1984 to 1991 and it can still be seen from 2014 to 2016. V/R
plot shows periodical variation and a small amplitude of ∼0.06. This variation correlates
with the one observed in the DPS plot: V/R reaches the maximum value of ∼1.06 when
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also does the DPS, with a value of ∼750 km/s. The DPS ranges from 450 to 750 km/s.
There are only three observations available in the second period and both quantities, V/R
and DPS, also change in a correlated way. Since DPS is related to the rotational movement
of the emitting region, e.g, Huang’s relation [34], these changes are also related with the EW
of the Hβ emission line. There is no evidence in the spectra, or information in the literature
for a companion. In general terms, the disk of η Cen maintains almost constant in size and
mass over the analyzed range of time presenting small changes most likely associated with
recurrent episodes of mass-loss rates.

Figure 6. η Cen: V/R (Top) and DPS (Middle) variation measured on the Hβ emission line. Results
are separated into two plots for the Foster (first column) and BeSOS (second column) periods. Spectral
lines (Bottom) are over-plotted only to show variability purposes. Grid lines in the vertical axes
are displayed every one year. DPS values measured in the first period can present until ∼62% of
difference respect to the second period.

5.2. α Eri-HR 0472-HD 10144

α Eridani or HD 10144 is the brightest Be star with a visual magnitude of 0.4mag and is
located at a distance of 44 pc (Hipparcos). It is classified as a B6 Vpe spectral type, with a
Teff = 15,000 ± 600 K, log g = 3.60 ± 0.10 and a v sin i = 223 ± 15 km/s [28]. In a previous
work, [31] studied the disk parameter for observations in BeSOS between 2013 and Jan 2014
(just a few months before a maximum intensity occurs in Hα). They found a base density
disk of the order of ∼10−11 g/cm3 and a truncation radius of 6.0 R?. From the literature [35],
we know the binary nature of this star. Using IR images, Refs. [35,36] detected a companion
at a distance of ∼12.3 AU, with a projected angular separation of ∼6.7 AU and a spectral
type A1/3V. They do not have enough data in their work but proposed an orbital period
of about 15 years. There is no evidence that the companion influences the disk formation.
Ref. [37] used spectroscopic observations of Hα from 1991 to 2002, as well as data available
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in the literature to collect EWs values before 1990, to construct the line’s variation history.
The disk cycle proposed in their work is around 14–15 years. In addition, they studied the
stellar surface activity by doing measurements on the line HeI 6678 Å, suggesting that the
variation is due to non-radial pulsations. The observation dates studied in this work cover
the years 1984, 1985, 1987, 1988, 1989, 1990, 2013, 2014, and 2015. We have 31 scanned plates
from Foster and 12 spectra from BeSOS. The EWs variations for Balmer lines are shown
in the second subplot from top to bottom in Figure A1. The EWs of both lines are very
similar in their values and behavior in the first period of time, ranging between 2 and 4.5 Å.
We know from the emission in the spectral lines that a disk formation phase is present
for this star during the second period. However, the EW of Hβ keep around 4.0 Å, which
could mean that the emission is also present during the first period, also in a low-emission
phase (e.g., years 1985, 1987 and 1990). This is also observed in intensity changes in the
Hβ line in Figure 7. The strongest Helium lines is 4471 Å with an almost constant EW
value of 1 Å in both periods, and always stronger than MgII line. The EW variation for
this star in the second period (active phase) is very low compared to the first one (see
Figure A2). Figure 7 shows the V/R and DPS variations for this star. As we mentioned
before, we cannot distinguish the emission from the Hβ line profiles in the first period,
but thanks to the EW values we can infer a low-emission phase; therefore, for this star
we have selected the width of the wings to represent the DPS. From the V/R plot, a small
asymmetry remains constant with an amplitude of ∼0.1, but with an opposite behavior
compared to the second period. DPS values present an average value of ∼700 km/s during
the first period corresponding to a small emitting size (similar to η Cen in its maximum
DPS). During the visibly active phase, a smaller value of DPS ∼500 km/s is obtained. We
remainder that a direct comparison between both periods, at least for the DPS, can not be
done, and a difference of around 62% must be considered.

Figure 7. Same than Figure 6 but for α Eri. Changes in the spectral lines during the Foster period
(first column) indicate a low-emission phase. In the Foster period we measured the DPS as the width
of the wings.
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5.3. ω Car-HR 4037-HD 89080

ω Car is a B8 IIIe spectral type star, the stellar parameters have been derived by
several authors, e.g., Ref. [8] estimated a Teff = 13,275 ± 251 K, log g = 3.581 ± 0.043 and
a projected rotational velocity v sin i = 245 ± 13 km/s. Using stellar atmospheres model
to reproduce the spectral energy distribution [26] found a lower temperature value of
Teff = 11,600 ± 116 K, a log g = 3.50 ± 0.04 and a stellar radius R? = 7.20 ± 0.14 R�. Optical
and Near-IR spectroscopic and interferometric observations from 2012 show evidence of a
Keplerian disk around ω Car. The emitting region has been estimated to be 3.1 ± 0.9 R?

at Brγ ([5], they considered a R? = 6.2 R�) and 25 R? at Hα ([31], they considered a
R? = 7.20 R�).

We used Foster spectra from 1985 to 1990 (52 observation dates) and the BeSOS
database from 2013 to 2015 (2 spectra). The EWs of Balmer lines (see Figure A1) present
a similar variability than η Cen but with deeper lines, where values go around 3.0 to
4.0 Å. In 1988/89 a higher dispersion is observed in both lines, and the emission increases
(see Figure 8). The emission observed in the Hβ line profiles over time indicates that the
disk has been present since the ’85s. Only two points are available in the second period,
and maintain similar to the variation range of the first period. We note the strong separation
in EW between Hγ and Hβ in the second period. The helium lines for this star are weaker,
with values between 0.5 and 0.6 Å, probably because of the low temperature. For the
same reason a few EW values are available for this star because they do not fulfilled the
criterion of σ. MgII is the strongest line present in this star with EW values between 0.3
and 0.6 Å. This is the only star of our sample showing FeII 5316 Å in its spectrum. The Hβ
line profile shows a prominent DPS (see Figure 8) in both periods, but with the deepest
central absorption during the second period. The variation of the V/R ratio is very similar
to the one from η Cen, with a small amplitude of ∼0.06. The DPS ranges between ∼260
and 360 km/s.

Figure 8. Same than Figure 6 but for ω Car. The disk has been present since the ’85s.
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5.4. α Col-HR 1956-HD 37795

α Col is classified as a B7 IIIe or B9 Ve spectral type [26,28]. First signatures of
emission in Balmer lines was reported by [38] on Dec 1973. [8] derived the following stellar
parameters: Teff = 13,695 ± 437 K, log g = 3.559 ± 0.069 and v sin i = 192 ± 12 km/s. Similar
values were found by [28] with a higher Teff = 14,200 ± 400 K, a log g = 3.50 ± 0.10 and
v sin i = 180 ± 15 km/s. Ref. [26] used rotational convoluted stellar atmosphere models and
they found a Teff = 12,200 ± 122 K, a log g = 3.50 ± 0.04 and a R? = 7.00 ± 0.14 R�. On the
other hand, Ref. [5] obtained for the first time simultaneous Brγ spectroscopic observations
and high angular resolution in the K-band of α Col using the ESO VLTI/AMBER instrument.
To constrain the disk parameters, they used the stellar parameters derived by [8] in a simple
two-dimensional kinematic model. A disk extension of 1.5 ± 0.3 stellar radii was estimated
in the formation region of Brγ line. Their observations were carried out between 2007 and
2011, indicating the existence of a disk at that time. [31] analyzed observations between
2012 and 2015 and found a truncation radius disk measured in Hα of 50.0 R? and a disk
base density constant of 2.5 × 10−10 g/cm3; they considered a B9 V spectral type for the
central star. Our observations dates range from 1984 to 2015, corresponding to 50 scanned
plates in Foster and 5 spectra in BeSOS. Figure A1 shows the EWs variation for Balmer
lines. As α Col, Balmer lines are deeper compared to the other stars and the same EW
separation from both lines, Hβ and Hγ, is observed. From the plot an increment of the
emission is observed in 1988 and 1990. EWs values for HeI and MgII, are displayed in
Figure A2. The HeI 4471 Å is the strongest Helium line for this star, but MgII has similar
EW values. A high dispersion is presented during the fist period, with values ranging
between 0.2 and 0.8 Å. In the second period, values are almost constant. On the other hand,
the V/R ratio (see Figure 9) remains slightly below 1.0 until 1987 and above 1.0 up to 1990.
Then in the second period, the V/R is symmetric and constant. The emission observed in
the Hβ line profile increases in the second half of this period. The star presents the highest
variation range in DPS with values between ∼70 and 200 km/s and an almost constant
value during the second period of 150 km/s. However, due to the low spectral resolution
of Foster, we know that values lower than 200 km/s are not confident. Based on the DPS
during the second period, we can trust values higher than 150 km/s in the first period of
the plot, but having the consideration of 62% of difference that could exist between Foster
and BeSOS data. From literature [17], a particular signature of a third peak is presented
in Hα line-emission, varying in the order of days, shifting towards the central absorption,
and sometimes disappearing. There is no evidence nor information in the literature of a
companion for this star.

Figure 9. Cont.
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Figure 9. Same than Figure 6 but for α Col. The star present the lowest variation range in DPS. Only
values higher than 150 km/s are reliable in the first period of data.

6. Summary and Discussion

We have compiled spectroscopic observations from Foster and BeSOS databases for
the southern Be stars: η Cen, α Eri, ω Car, and α Col. The archives cover different optical
wavelength ranges, 3900 to 5150 Å for Foster and 4250 to 7000 Å for BeSOS. Furthermore,
the spectral resolution differs between databases; Foster has an effective spectral resolution
of R∼1500, while BeSOS spectra have a R∼17,000. We look at the spectra of these stars
for Balmer, helium, iron, and Mg lines. A compilation of the lines present in each star
and instrument is shown in Table 1. For the four stars, a DPS is observed in Hβ for both
periods, and only α Eri appears to be in a low-emission phase during the Foster period.
The only star confirmed as binary is α Eri with an orbital period of ∼15 years [37]. We
note from Figure A1 that the coolest star, α Col, show a more pronounced difference in
the EWs values of Hγ and Hβ line profiles, compared to the rest of the stars. In general
B-types stars at different luminosity classes show a difference of around ∼1 Å in Balmer
lines EWs values [39]. In this case, the variation is in the order of ∼2 Å. Therefore, this
observed difference may be due to the star’s disk or changes in the effective temperature
of the star. As a comment and possible relation, [31] found that late spectral types host
less massive disks with smaller emission region compared to early spectral types and thus,
lower density disks.

We note that no star shows iron lines, except for the FeII 5313 Å observed in ω Car.
This is the only star of our sample classified as a giant luminosity class. The hottest star
in our work, η Cen, has the strongest helium lines with high values of EWs and very
low, or no presence of MgII 4481 Å in both periods, agreeing with early spectra types
classification. α Eri (mid spectral type) presents many HeI lines in the spectra with EWs
values to η Cen but with the presence of MgII 4481 Å in low intensity during both periods.
For the late spectral types, ω Car and α Col, both stars show weak helium lines, but the
EW(HeI 4471 Å) ∼ EW(MgII 4481 Å) in α Col, while for ω Car, EW(MgII 4481 Å) > EW(HeI
4471 Å). It is possible that this star corresponds to a later spectral type, but other studies
must be done in comparison with line variability to re-classify it. Also, this star present a
high Magnesium variability. This kind of variability has been reported before for magnetic
chemically peculiar stars, which are mainly characterized by a dipolar magnetic field and
their symmetry axis is inclined with respect to the rotational axis [40]. However, in the
literature there is no evidence of magnetic fields for this star. Among the lines studied in
this work, the four CBes are variable in helium. Also, the usual anti-correlation between
MgII 4481 Å and HeI 4471 Å is also observed, i.e., as the EWs of MgII 4481 Å increase,
the EWs of HeI 4471 Å decrease. Most likely, these changes are associated with the stellar
photosphere rather than the disk.

From the EW variations plots, similar behavior is observed from Balmer and Helium
lines. We remind the opposite meaning of EW values between absorption and emission
features in the spectral lines. Then, when the EW value of Hβ increases, we can say that
the emission coming from the disk is decreasing. By looking at Figure A1 and comparing
the same observations years, when this happens, in general, EW values of Helium lines in
Figure A2 increase. This is seen in η Cen, between 1989 and 1990, when the disk decreases
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Helium lines, λ4387 increases from an average of 0.6 to 0.9 Å, same for λ4921, increases
for an average of 1 to 1.2 Å. This is also observed in α Eri around 1988 and between 1989
to 1990. The other two targets present a larger error bar (because of the weakness of the
lines and the low S/N in the Foster archive) and therefore it is difficult to attempt the same
conclusion. A possible explanation could be the changes in the effective temperature of the
star, which are also associated to non-radial pulsations. A next step will be to use stellar
atmospheres models that consider the oblateness of the star due to fast rotation and try
to measure the changes of the temperature. We test FT analysis of the V/R, DPS and EW
data of the four targets, with the program PERIOD04 [41]. However, the data presented
here include several gaps, leading spectral windows of the FT with very low signal to
noise of the order of ∼3. Therefore, in order to estimate reliable periods is necessary to
complement this set of data with information available in the literature or even in other
spectroscopic plates.

Stellar parameters from the literature, together with DPS and V/R measurement on
Hβ line profiles are summarized in Table 2. η Cen and α Eri have the largest DPS and,
therefore, should have the smallest emitting region sizes. On the other hand, ω Car and
α Col have the smallest DPS and the largest sizes. We note that the size of the emitting
region increases toward late spectral types in our sample (based on DPS values).

Table 2. Summary of the measurements on the emission lines for the 4 Be Stars.

Literature
Name Sp.T Teff v sin i RHα N◦ N◦ V/R DPS(Hβ)

(K) (km/s) (R?) Foster BeSOS (km/s)

η Cen B1Ve 21,000 a 240 a 12.5 d 40 3 0.95–1.05 450–750
α Eri B6Ve 15,000 b 223 b 6 d 31 12 0.95–1.20 500–700

ω Car B8IIIe 11,600 a 245 c 25 d 52 2 0.94–1.07 260–360
α Col B9Ve 12,200 a 180 b 50 d 50 5 0.95–1.11 70–200

References: a [26], b [28], c [8] and d [31]. RHα is the disk size calculated by comparing theoretical Hα line profiles
with observations. DPS(Hβ) is the double-peak separation measured on the Hβ emission line. Comments: α Eri is
in a binary system and is the only target with a low-emission phase during the first period. For the other targets
there is not evidence of binary systems and they are in an active phase during both periods.

7. Conclusions

From 1928 to 1991, about 4800 spectroscopic plates were collected at the Observatory
Universidad Católica Manuel Foster in Santiago, Chile. The plates contain spectra of various
stellar sources in the southern hemisphere. We recovered the plates from the archive and
developed a method of digitalization, processing, and analysis to extract valuable scientific
information, which is useful to study long-term variability in different systems in the
Foster archive. So the Foster archive stands in the tradition of those archive from the
past that can contribute information about bright stars for several decades. In the same
line, for example, the 2-meter telescope in Ondřejov, Czech Republic has been operating
since 1967. The archive contains several thousands of photographic (up to 1992) and
electronic (from 1992 to 2000) spectra. The spectra have been used to study Be stars,
multiple spectroscopic systems, chemically peculiar stars, stellar pulsations, and symbiotic
stars. A list of publications is available on the website https://stelweb.asu.cas.cz/en/
telescope/date-archives/ (accessed on 5 October 2022). Recently, a digitalization project of
spectroscopic plates taken in La Plata (Argentina) and Cerro Tololo (Chile) observatories
between the ’20s and ’80s started at Universidad Nacional de La Plata, Argentina [42].
In total, there are around 15,000 photographic plates covering variable stars. Information
on the ongoing project can be found on the website https://retroh.fcaglp.unlp.edu.ar/
(accessed on 5 October 2022).

As a final remark, the International Astronomical Union has a commission Working
Group (B2) on the Preservation and Digitization of Photographic Plates. This archive is in
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the context of the group aims and the analyzed and published spectra will be available in a
section in the BeSOS database for the use of the community.

Besides their historical value, these plates and their ongoing efforts to recover the
spectra represent a rich database that we believe can still be of scientific interest to mod-
ern researchers.
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Appendix A. List of Be Stars Observed in the Foster Archive

Table A1. Be stars in the Foster archive.

ID HR HD HIP Spectral Type 1981 1983 1984 1985 1986 1987 1988 1989 1990 1991

alf Eri 472 10,144 7588 B6Vpe x x x x x x x
228 Eri 1423 28,497 20,922 B2(V)ne x x x x
56 Eri 1508 30,076 22,024 B2(V)nne x x x
3 Ori 1552 30,836 22,549 B2III x
69 Eri 1679 33,328 23,972 B2III(e)p x x x x x x
HD 35165 1772 35,165 25,007 B2Vnpe x x x
25 Ori 1789 35,439 25,302 B1Vn x x x x
123 Tau 1910 37,202 26,451 B1IVeshell x
47 Ori 1934 37,490 26,594 B3Ve x x x x x x
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Table A1. Cont.

ID HR HD HIP Spectral Type 1981 1983 1984 1985 1986 1987 1988 1989 1990 1991

alf col 1956 37,795 26,634 B9Ve x x x x x x x
HD 41335 2142 41,335 28,744 B3/5Vnne x x x x
HD 42054 2170 42,054 28,992 B5Ve x x
HD 43285 2231 43,285 29,728 B6Ve x x
HD 43544 2249 43,544 29,771 B2/B3Ve x
HD 44458 2284 44,458 30,214 B1.5IVe x
HD 44506 2288 44,506 30,143 B3V x x
bet01 Mon 2356 45,725 - B4Veshell x x x x x x
HD 45871 2364 45,871 30,840 B3Ve x
15 Mon 2456 47,839 31,978 O7V+B1.5/2V x x
10 Cma 2492 48,917 32,292 B2V x x x x
13 Cma 2538 50,013 32,759 B1.5Ve x x x x x x x
HD 50123 2545 50,123 32,810 B6IVe+A x
19 Mon 2648 52,918 33,971 B2Vn(e) x x x
HD 54309 2690 54,309 34,360 B3Vne x
27 Cma 2745 56,014 34,981 B3IIIe x x x x x x
28 Cma 2749 56,139 35,037 B2.5Ve x x x x x x x
ups01 Pup 2787 57,150 35,363 B2V+B3IVne x x x x x x
ups02 Pup 2790 57,219 35,406 B3Vne x x x x x
HD 58155 2819 58,155 35,795 B3V x x
HD 58343 2825 58,343 35,951 B2Vne x x x
bet Cmi 2845 58,715 36,188 B8Ve x x x x x x
HD 58978 2855 58,978 36,168 B0.5IVe x x x
z Pup 2911 60,606 36,778 B2Vne x x
HD 60855 2921 60,855 36,981 B2Ve x x x
omi Pup 3034 63,462 38,070 B1IVe x x x x x x x
HD 66194 3147 66,194 38,994 B3Vn x
r Pup 3237 68,980 40,274 B2ne x x x x x x
HD 71510 3330 71,510 41,296 B3IV x x x
HD 72067 3356 72,067 41,621 B2/3V x
f Car 3498 75,311 43,105 B3V(n) x x x x x x x
HD 77320 3593 77,320 44,213 B2Vnn(e) x x
E Car 3642 78,764 44,626 B2(IV)n x x x x x x
HD 81753 3745 81,753 46,329 B5V(e) x
I Hya 3858 83,953 47,522 B5V x x x x x x
HD 86612 3946 86,612 48,943 B5Ve x
HD 88661 4009 88,661 49,934 B5Vne x x x x
HD 88825 4018 88,825 50,044 B5(III)e x
ome Car 4037 89,080 50,099 B8IIIe x x x x x x x
J Vel 4074 89,890 50,676 B5II x x x x x x
HD 91120 4123 91,120 51,491 B8/9IV/V x x x x
p Car 4140 91,465 51,576 B4Vne x x x x x x x x
HD 93237 4206 93,237 52,340 B5III x
HD 93563 4221 93,563 52,742 B8/9III x x
A Cen 4460 100,673 56,480 B9V x x x x x
j Cen 4540 102,870 57,757 B3V x
HD 105382 4618 105,382 59,173 B3/5III x x x x
del Cen 4621 105,435 59,196 B2Vne x x x x x x x
HD 105521 4625 105,521 59,232 B3IVe x x x x
zet Crv 4696 107,348 60,189 B8V x
39 cru 4823 110,335 61,966 B5III x x x x x
HD 110432 4830 110,432 62,027 B0.5IVpe x
lam Cru 4897 112,078 63,007 B3Vne x x x x x x x
mu.02 Cru 4899 112,091 63,005 B5Vne x x x x x
mu. Cen 5193 120,324 67,472 B2Vnpe x x x x x x x
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Table A1. Cont.

ID HR HD HIP Spectral Type 1981 1983 1984 1985 1986 1987 1988 1989 1990 1991

HD 120991 5223 120,991 67,861 B2Ve x x
HD 124367 5316 124,367 69,618 B4Vne x x x x x x x
eta Cen 5440 127,972 71,352 B2Ve x x x x x x x
HD 129954 5500 129,954 72,438 B2V x x
tet Cir 5551 131,492 73,129 B2IV/V x x x x
kap Lup 5646 134,481 74,376 B9.5Vne x x x x x x
mu. Lup 5683 135,734 74,911 B8Ve x x x x x x
kap01 Aps 5730 137,387 76,013 B2Vnpe x x x
d Lup 5781 138,769 76,371 B3V x x x
HD 142184 5907 142,184 77,859 B2V x
48 Lib 5941 142,983 78,207 B5IIIpsh x x x x x
7 Oph 6118 148,184 80,569 B2Vne x x x x x x
eta01 TrA 6172 149,671 81,710 B7V x
13 Oph 6175 149,757 81,377 O9.2IVnn x x x x x x x
HD 155806 6397 155,806 84,401 O7.5V((f))z(e) x x
iot Ara 6451 157,042 85,079 B2(V)nne x x x x x
alf Ara 6510 158,427 85,792 B2Vne x x x x x x x
51 Oph 6519 158,643 85,755 A0V x x
66 Oph 6712 164,284 88,149 B2Ve x x x x x x
HD 167128 6819 167,128 89,605 B3II/III x x x
lam Pav 7074 173,948 92,609 B2Ve x x x x x x x
HD 178175 7249 178,175 93,996 B2Ve x x x
46 Sgr 7342 181,615 95,176 B2Vpsh x x x x
39 Cap 8260 205,637 106,723 B3V x x x x x x
12 PsA 8386 209,014 108,661 B8/9V+B8/9 x x
31 Aqr 8402 209,409 108,874 B7IVe x x x x x
HD 209522 8408 209,522 108,975 B4IVe x x
31 Peg 8520 212,076 110,386 B2IV-Ve x x x
52 Aqr 8539 212,571 110,672 B1III-Ive x x x x x
18 PsA 8628 214,748 111,954 B8Ve x x x x x x
4 Psc 8773 217,891 113,889 B6Ve x x x x x x
eps Tuc 9076 224,686 118,322 B8V x x x x
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Appendix B. EWs Variation for the Four CBes Studied in This Work

Figure A1. EWs variation for Hγ and Hβ for each star. Plots are sorted from the latest stellar type
(Bottom), to the earliest type (Top). In each plot the name and spectral type of the star is indicated in
the vertical axes. Vertical grid lines are disposed every 500 Julian days.
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Figure A2. EWs variation for HeI lines λλ 4387, 4471, 4921 and MgII 4481 lines for each star.

Notes
1 http://besos.ifa.uv.cl/, (accessed on 5 October 2022)
2 Spectra are normalized by intensity leading the continuum to 1.
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Abstract: The IR spectra of Be stars display numerous hydrogen recombination lines, constituting a
great resource for obtaining information on the physical and dynamic structures of different regions
within the circumstellar envelope. Nevertheless, this spectral region has not been analysed in depth,
and there is a lack of synthetic spectra with which to compare observations. Therefore, we computed
synthetic spectra with the HDUST code for different disc parameters. Here, we present our results
on the spectral region that includes lines of the Brackett series. We discuss the dependence of the
line series strengths on several parameters that describe the structure of the disc. We also compared
model line profiles, fluxes, and EWs with observational data for two Be stars (MX Pup and π Aqr).
Even though the synthetic spectra adequately fit our observations of both stars and allow us to
constrain the parameters of the disc, there is a discrepancy with the observed data in the EW and
flux measurements, especially in the case of MX Pup. It is possible that by including Brackett lines of
higher terms or adding the analysis of other series, we may be able to better constrain the parameters
of the observed disc.

Keywords: stars: early-type; stars: emission-line, Be; stars: individual: MX Pup, π Aqr; circumstellar
matter

1. Introduction

Classical Be stars are non-supergiant B-type stars whose spectra show or have shown
the Hα line in emission [1,2]. These stars are rapidly rotating, and it is accepted that this
emission originates in a circumstellar envelope, mostly compatible with a disc geometry
in Keplerian rotation [3]. The model that best explains the observations of Be stars is the
viscous decretion disc [4], which allows us not only to explain static discs but also to study
their dynamical evolution [5].

In the infrared (IR) spectral region, Be spectra present a moderate flux excess and
numerous hydrogen emission lines of the Paschen, Brackett, Pfund, and Humphreys series.
Since these IR lines are formed in a region closer to the star than those observed in the
optical spectral range, and the photospheric absorption is almost negligible for most of
them, the study of these IR emission lines is a great tool to obtain information about the
physical structure and dynamics within the innermost part of the disc [6–10].

This spectral region has gained importance in recent decades. An extensive atlas of the
K- and L-bands of early-type stars, including Be stars, was published by Lenorzer et al. [11].
With those data, Lenorzer et al. [7] made a diagram with the flux ratios Hu14/Brα versus
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Hu14/Pfγ. In this diagram, the location of the objects depends on the density of the
emitting gas. Mennickent et al. [8] proposed a classification criterion based on the emission
lines observed in the L-band: those stars on which the Humphreys lines present intensities
similar to those of Brα and Pfδ lines constitute Group I; stars with Brα and Pfδ lines more
intense than Humphreys lines are part of Group II; and stars without emission lines are part
of Group III. Groups I and II fall in different regions of Lenorzer’s diagram; thus, the group
membership is probably connected to the density of the disc. Classifying a sample of Be
stars using Mennickent’s criterion, Granada et al. [9] found that the equivalent widths
(EWs) of Brα and Brγ lines are similar for Group I objects, while for stars in Group II,
EW(Brγ) is much larger (more than five times) than EW(Brα).

Up to the recent publication of Cochetti et al. [12]’s atlas, most of the works that
focused on the IR data of Be stars showed low-resolution data, analysed a small sample, or
covered a small spectral range. The already-mentioned atlas comprises medium-resolution
spectra in the near-IR region of a sample of Galactic Be stars. By measuring different
parameters of the observed hydrogen recombination lines, these authors diagnosed the
physical conditions in the circumstellar environment. They defined new complementary
criteria to classify Be stars according to their disc opacity. This atlas provides valuable
observational material available to be analysed and modelled. In particular, the behaviour
of the fluxes of the hydrogen lines for different stars may give us clues about the properties
of the discs. To perform better analysis, modelling synthetic spectra and comparing them
with observations is essential.

In the last years, different observables from Be star discs have been successfully
modelled in the framework of the viscous decretion disc model (VDD; [4,13]). In this model,
the rapidly rotating central star continuously loses mass and angular momentum and puts
material in a Keplerian orbit at the base of the disc. Beyond this inner edge, the material is
expected to be driven outwards through some turbulent viscous process. The rotationally
distorted star irradiates the disc, which is assumed to extend out to a radius of Rd equatorial
radii, and the star-plus-disc system is viewed at an inclination angle (angle between the
star’s rotation axis and the line of sight) of i. Then, in state-of-the-art disc models such
as HDUST [14] or Bedisc/BeRay [15,16], each computed observable is a function of four
model parameters: ρ0, n, Rd, and i, where ρ0 is the axisymmetric volume density at the
innermost part of the disc, and n is the exponent of the radial power law usually used to
describe the Be star disc’s density.

The modelling of different observables has allowed constraints on Be disc parameters
to be derived. In particular, modelling of the iconic Hα-line emission has shown that this line
typically forms within the innermost tens of stellar radii [3,17,18]. The modelling of the Brγ
line, in particular, from spectro-interferometric data [19] has allowed for constraining stellar
parameters and also shown that the formation region of this line is, at most, 15 or 20 stellar
radii. However, a smaller Brackett-series-forming region of a few stellar radii has been
derived from near-IR spectra [20]. Unfortunately, the lack of simultaneous observations
prevents a direct comparison between Hα- and Brγ-line-forming regions. The modelling
of the near-IR hydrogen recombination lines allows us to explore the properties of their
line-forming region, which is expected to be closer to the star than that of Hα and, thus,
contributes to better constraints on the parameters of the disc.

With this aim, we started to compute a grid of synthetic spectra covering the near-IR
spectral range with the HDUST code [14,21]. As a first step, we computed the first lines of
the Brackett series for a set of disc parameters and one central B-type star. Even though we
do not expect to be able to describe the whole complexity of the star–disc interphase, we
seek to understand the impact on the emerging spectra of the different parameters involved
in the modelling of Be stars in the viscous decretion disc framework, with the final goal
of deducing disc properties from the IR spectra. From the synthetic spectra, we measured
the equivalent widths and fluxes of the hydrogen lines and analysed the behaviour of the
line series when varying the parameters that describe the disc density law. Finally, we
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compared the spectra and the line flux behaviour from the models with the observational
data of two known Be stars: MX Pup and π Aqr.

2. Methods

We used the HDUST code, developed by Carciofi and Bjorkman [14,21]. This three-
dimensional non-LTE Monte Carlo code solves the radiative transfer, radiative equilibrium,
and statistical equilibrium equations in a 3D geometry for different gas density and velocity
distributions. This code has been used to discuss the properties of Be stars via the analysis
of the spectral energy distribution (SED) based on different wavelengths, as well as some
optical hydrogen lines [22–25].

The code includes a 25-level model for the hydrogen atom, of which the first 12 are
explicit non-LTE levels, and the upper 13 are implicit levels with the LTE population. This
default configuration of the code allowed us to compute the Brackett series from the Brα
line to Br12. We also modelled the continuum in the range 1.4–4.3µm.

The disc is considered to start at the stellar radius R?, and the density throughout it is
modelled with the expression

ρ(r, z) = ρ0

(
r

R?

)−n
exp
(
− z2

2H2

)
(1)

which includes a power law and a Gaussian distribution in the radial and vertical directions,
respectively [14]. In this expression, ρ is the density at each pair of (r, z) coordinates, ρ0
is the density at the base of the disc, and H is the scale height of the disc. For a vertically
isothermal disc, H is obtained with the expression

H = H0
(

r
R?

)1.5
, H0 =

√
kT

µ ·mH

1
Vorb

R? (2)

where k is the Boltzmann constant, µ is the mean molecular weight, mH is the mass of the
hydrogen atom, Vorb =

√
G M/Req is the disc orbital speed at the stellar equator Req, and

the temperature T has been set as 72% of the effective temperature Teff of the star.
Despite the evidence of differential rotation reported in the literature (i.e., [26]), to

date, there is not a comprehensive theory that covers all the observed physical phenomena
occurring in the interior and photosphere of rapidly rotating stars. Then, the adoption of a
solid and rigid approach is prevalent in their modelling, and particularly in this code.

We calculated models with ρ0 values between 5× 10−12 and 1× 10−10 g cm−31 and val-
ues of the exponent n in the range 2.5–4 [23]. These ρ0 values correspond to a steady-state de-
cretion rate Ṁ over the viscosity parameter α [27] in the range
2.13× 10−13M⊙ yr−1 . Ṁ/α . 2.13× 10−11M⊙ yr−1[23]. Following a procedure similar
to the one described by Silaj et al. [28] for determining the convenient disc size for each n–ρ0
pair, we analysed the change in the equivalent width of the modelled lines as a function of
the disc size by increasing it by 10 R? each time. Then, we determined the minimum disc
size at which the EW reached a stable value for each model. The required radius is larger
for lower n values or higher central densities. By using this radius as the disc’s outer radius
Rd, we ensure that we include the entire emitting region. To check the convergence of the
simulation, we plotted the disc temperature for the last iterations, ensuring a decreasing
profile in the inner part of the disc and an increasing temperature in the outer disc (forming
a typical U shape, [14]).

In Table 1, we show the envelope’s outer radius Rd chosen for each n–ρ0 combination
employed in the modelling2. We computed models that have been found adequate to
fit Be-star Hα profiles and SEDs and are related to different dynamical stages of the disc:
dissipating discs present n . 3, while the range 3 . n . 3.5 is for stable discs, and 3.5 . n
is related to discs in formation [23]. Models with a small exponent and high density ρ0
trace the “forbidden zone”, defined by Vieira et al. [23] as a region in the n–ρ0 diagram
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with unobserved combinations of these parameters. Reaching this region would require
very massive circumstellar discs.

As the first step for this work, we ran simulations for only one set of fundamental
parameters for the central stellar model. We used a self-consistent rigid rotator with the
following parameters: a mass M = 10 M⊙, a polar radius Rpole = 5.5 R⊙, a luminosity
L = 7500 L⊙, and a rotational rate W = 0.7. We recall that W = Vrot/Vorb, where Vrot is
the rotational velocity at the equator of the star, and Vorb is the equatorial circular orbital
(Keplerian) velocity, as defined by Rivinius et al. [3]. This set of parameters corresponds
to an early B star with Teff ' 24,250 K and Vrot ' 370 km s−1. For producing synthetic
profiles with HDUST, the gravity-darkening effect is accounted for, considering a parameter
β = 0.188 suitable for rapidly rotating stars [29]. As it has been proposed that late-type Be
stars could have more tenuous discs than early-type Be stars due to the smaller variability
observed [3,10], in a forthcoming article, we plan to include central stars with different
spectral types to analyse the dependence on the disc parameters.

To obtain the synthetic spectra and measure the line parameters, the results were
processed with PyHdust3 and specutils4 Python packages.

Table 1. Envelope’s outer radius Rd for each n and ρ0 combination. According to Vieira et al. [23],
the n value is related to different disc stages: dissipating discs present n . 3, while the range
3 . n . 3.5 is for stable discs, and 3.5 . n is related to discs in formation. For each model, we
simulated the spectra for inclination angles in the range 0–60° with a 15° step.

n ρ0 = 1× 10−12 ρ0 = 5× 10−12 ρ0 = 1× 10−11 ρ0 = 5× 10−11 ρ0 = 1× 10−10

(g cm−3) (g cm−3) (g cm−3) (g cm−3) (g cm−3)

2.5 30 R? × × × ×
3.0 20 R? 20 R? 30 R? 50 R? ×
3.5 20 R? 20 R? 20 R? 30 R? 30 R?

4.0 20 R? 20 R? 20 R? 20 R? 20 R?

3. Results

For each simulation, we generated spectra for inclination angles in the range of 0–60°,
with a 15° step. In Figure 1, we show as an example the normalised spectrum obtained for
the model with n = 3.5 and ρ0 = 10−11 g cm−3, viewed from a pole-on (i = 0°) orientation.
In the following subsections, we will show the analysis performed for the 0°, 30°, and
60° orientations.
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Figure 1. Spectrum from the simulation with n = 3.5 and ρ0 = 10−11 g cm−3, with a pole-on (i = 0°)
orientation. Brackett lines are labelled.

3.1. Brackett-Series Behaviour According to n and ρ0

Figures 2–5 show the synthetic line profiles for the Brα to Br12 lines for the different
simulations for i = 0°. Each figure corresponds to a different value of n, and in each plot,
the different colours are for different ρ0 values. Synthetic line profiles for i = 30° and
i = 60° are in Appendix A.1.

For the behaviour across the series, we observe the following:
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• For n = 2.5 (Figures 2 and A1), which is the lowest n value and can only be combined
with the lowest density (ρ0 = 10−12 g cm−3), there is a strong intensification for
the lines from Br12 to Brα for all the inclinations. The lines are more intense for
lower inclinations.

• For n = 3.0 (Figures 3 and A2), the height of each line relative to its adjacent continuum
also increases from Br12 to Brα. The slope of the increase is different for each density:
the lower the density, the stronger the increase. For i = 0° and i = 30°, the increase is
higher than for i = 60°.

• For n = 3.5 (Figures 4 and A3), the slope of the increase is also steeper for the
lowest densities, but not as remarkable as for n = 3.0. The higher increase for
lower densities means that, even though the higher-order lines are more intense for
the highest densities, the first members of the series present similar intensities for
intermediate densities.

• For n = 4.0 (Figures 5 and A4), the intensities are the smallest, with the increase not so
different for each density from Br12 to Brα.

Since the n value is related to the dynamical state of the disc (forming, steady, or
dissipating [23]), it was expected that different behaviour would be found for the line
intensity across the series.
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Figure 2. Synthetic Brackett line profiles obtained for i = 0°, an exponent of the density law n = 2.5,
and ρ0 = 1× 10−12 g cm−3.
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Figure 3. Synthetic Brackett line profiles obtained for i = 0°, an exponent of the density law n = 3.0,
and different values of the central density.
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Figure 4. Synthetic Brackett line profiles obtained for i = 0°, an exponent of the density law n = 3.5,
and different values of the central density.
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Figure 5. Synthetic Brackett line profiles obtained for i = 0°, an exponent of the density law n = 4.0,
and different values of the central density.

3.2. EW and Flux Ratios Relative to Br12

To deduce the contribution of the disc, we corrected the measured emission line EWs
for photospheric absorption [12]. The corrected EW values for i = 0° for each n and ρ0
normalised to EW(Br12) are plotted in Figure 6. Plots for i = 30° and i = 60° are in
Appendix A.2. As we described before for the line profiles, for all the curves, there is an
increase in the EW from Br12 to Brα, and in each panel (i.e., each density and inclination),
the higher the n value, the smaller the slope of the curve.
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Figure 6. EW ratio for the Brackett lines relative to EW(Br12) for i = 0° (for other inclinations see
Figure A5). Each panel corresponds to a central density ρ0, and each curve represents a given n value.
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We obtained the flux for each line using the corrected line EW and the flux of the
continuum at each wavelength. The fluxes normalised to flux(Br12) are plotted in Figure 7
for i = 0° and in Appendix A.2 for i = 30° and i = 60°. All the curves present non-
monotonic behaviour, with fluxes increasing from Br12 to Br10 and then decreasing up to
Brα. The lowest curve corresponds to the highest n value in each panel. For the lowest
density, the maximum of the curve of line flux ratios is higher for lower n, but for the other
densities, the maximum value is very similar for all the exponents.
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Figure 7. Flux ratio for the Brackett lines relative to flux(Br12) for i = 0° (for other inclinations see
Figure A6). Each panel corresponds to a central density ρ0, and each curve represents a given n value.

In Figure 8, we show the plot of EW(Brα) versus EW(Brγ). We can see that the models
with a higher exponent value present a smaller EW(Brα)/EW(Brγ) ratio and are close to the
relation expected for Group I objects [9,12]. The Group II locus seems to only contain objects
with envelopes with the smallest density. For each n, the higher the density, the higher
the EWs.

Finally, Figure 9 shows EW(Br12) versus EW(Br11). This plot shows that the different
models we calculated follow a linear relation close to the expected ratio for case B recombi-
nation, similarly to that obtained by Steele and Clark [31] (see their Figure 8 , top). As for
our Figure 8, larger values of EWs are obtained for smaller n values, and for a fixed n
value, the higher the density, the higher the EWs. The behaviour is similar for the different
inclination angles computed.

0 5 10 15 20 25 30
EW(Br )

0
10
20
30
40
50
60
70
80
90

EW
(B

r
)

i = 0°

5 10 15 20 25 30
EW(Br )

i = 30°

5 10 15 20 25 30
EW(Br )

i = 60°
EW(Br )=3EW(Br )
EW(Br )=5EW(Br )

Figure 8. EW(Brα) versus EW(Brγ). Colours and symbols are the same as in Figure 7. The symbol
size is proportional to the central density of the model.
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Figure 9. EW(Br12) versus EW(Br11). Colours and symbols are the same as in Figure 7. The symbol
size is proportional to the central density of the model.

4. Discussion

We seek to explore whether the computed models successfully describe the observed
data published by Cochetti et al. [12]. With this aim, we first perform Brackett line fitting
and then compare the synthetic line ratios with those of the observed spectra. This way,
we can analyse the possibility of determining the disc parameters ρ0 and n. Using the
published sample in Cochetti et al. [12], we have chosen two stars with stellar parameters
close to those used in our modelling: MX Pup and π Aqr. For these stars, spectra were
obtained in June 2017 with the FIRE spectrograph installed at the Magellan Baade Telescope
at Las Campanas Observatory.

For the comparison with observational data, we allow the inclinations to span the
whole range of our computations, 0°, 15°, 30°, 45°, and 60°. Theoretical spectra have been
convolved with a Gaussian profile with FWHM = 60 km s−1 to match the observed data’s
spectral resolution. The uncertainties for the measurements are around 10% for the EW and
flux due to possible errors in the continuum determination.

4.1. MX Pup (HD 68980)

For MX Pup, Frémat et al. [32] determined an effective temperature Teff = 25,125± 642 K
and a projected rotational velocity V sin i = 152± 8 km s−1. From fitting on the Hα profile,
Silaj et al. [33] found an inclination angle i = 20°, while Arcos et al. [18] determined i = 50°
from data taken in 2013 and 2015.

We made a visual comparison between each model and the spectrum of MX Pup,
and Figure 10 shows the best-fitting model. On the x-axis, in velocity units, we can see
that the peak separation for higher-order members is larger than in Brγ, indicating that
their forming region is closer to the central star. Since HDUST does not include non-
coherent electron scattering, which can affect the line profiles with extended wings [34],
a difference in the wings still remains, meaning that the non-coherent electron scattering is
significant. This could be improved in the future by convolving the model with a Gaussian
to simulate the electron velocity [35]. It is also possible that a single power law is not
enough to fit the complexity of the disc if the wings and the core are formed in very
different regions of the disc [36]. Because of this, as the best-fitting model, we chose a
compromise solution for both the central part of the line and the wings. The parameters
of the model are n = 3.0, ρ0 = 5× 10−11 g cm−3, and i = 60°. Such parameters put this
object in the stable/dissipating limit according to Vieira et al. [23]. With this inclination,
the rotational velocity would be smaller than the one used for our modelling but inside the
range of the true rotational velocity ratios expected for Be stars [37]. In the EW/EW(Br12)
and flux/flux(Br12) plots (Figure 11), the observed data agree with the curve for the
values determined from the spectrum. Nevertheless, in the EW(Br11) vs. EW(Br12) plot
in Figure 12, the MX Pup position lies over the diagonal but far from the models. This
difference may be caused by the poor fitting of the line wings.
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Figure 10. Best-fitting model for MX Pup.
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Figure 11. Comparison of the curves of EW and flux relative to those of Br12 for i = 60° and different
central densities ρ0 and n values with the data obtained for the Be star MX Pup.
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Figure 12. Location of the measurements for the star MX Pup in the EW(Br12) versus EW(Br11) plot
for i = 60°. Colours and symbols are the same as in Figure 7. The symbol size is proportional to the
central density of the model.

4.2. π Aqr (HD 212571)

For this object, Frémat et al. [32] determined an effective temperature Teff = 26,061±
736 K and a projected rotational velocity V sin i = 233± 15 km s−1. Both Silaj et al. [33]

193



Galaxies 2023, 11, 90

and Arcos et al. [18] reported inclination angles for this object, with i = 45° and i = 60°,
respectively.

The best-fitting model found through a visual comparison is shown in Figure 13. The
peak separation for the higher-order lines is not as different from the one for Brγ as in
MX Pup. In this case, it does not seem to be necessary to add non-coherent scattering to
fit the wings. The parameters are the following: n = 3.5, ρ0 = 10−11 g cm−3, and i = 45°.
This corresponds to a forming/stable disc [23]. Although in the EW/EW(Br12) plot, π Aqr
data follow the tendency of the model from the spectral fitting, in the flux/flux(Br12) plot,
the behaviour of the observed lines does not follow the model’s tendency (Figure 14). Fig-
ure 15 shows the EW(Br12) vs. EW(Br11) plot, where π Aqr data agree with the parameters
found previously.
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Figure 13. Best-fitting model for π Aqr.
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Figure 14. Comparison of the curves of EW and flux relative to those of Br12 for i = 45° and different
central densities ρ0 and n values with the data obtained for the Be star π Aqr.
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Figure 15. Location of the measurements for the star π Aqr in the EW(Br12) versus EW(Br11) plot
for i = 45°. Colours and symbols are the same as in Figure 7. The symbol size is proportional to the
central density of the model.

5. Conclusions

We used the HDUST code to perform simulations that allowed us to obtain synthetic
Brackett-series line profiles for one set of parameters for the central star corresponding
to an early-type object, with different parameters for the density law throughout the disc.
The calculations of the synthetic models were carried out for different inclination angles
of the system (star-plus-disc). The parameter space of the models that we used has been
found suitable to fit Be-star Hα profiles (e.g., [23]).

After measuring the EW and flux of the Brackett-series line profiles and applying a
correction for photospheric absorption, we analysed the behaviour of the series according
to the disc parameters. We found that the line intensity increment through the series
depends on those parameters. Regarding the EW(Brα) versus EW(Brγ) behaviour, the cal-
culated models lie in different loci according to the central density. In the EW(Br12) versus
EW(Br11) plot, the models follow a linear relation close to the expected ratio for case B
recombination [31].

By comparing our simulations with the data obtained for MX Pup and π Aqr, we were
allowed to set some constraints on the disc parameter values. Even though the synthetic
spectra adequately fit our observations of both stars, the derived values show a discrepancy
with the observed data in the EW and flux plots. The discrepancy is more remarkable in
the case of MX Pup, where non-coherent electron scattering and a more complex radial
dependence for the density seem to be needed.

It is possible that by including Brackett lines of higher terms or adding a similar
analysis to the one performed throughout this article to other hydrogen series, we may be
able to improve the determination of the parameters of the observed disc. We defer such
analysis to a forthcoming article.
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Appendix A

Appendix A.1. Synthetic Brackett Line Profiles Obtained for i = 30° and i = 60°
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Figure A1. Synthetic Brackett line profiles obtained for an exponent of the density law n = 2.5,
ρ0 = 1× 10−12 g cm−3, and inclinations i = 30° and i = 60°.
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Figure A2. Synthetic Brackett line profiles obtained for an exponent of the density law n = 3.0, differ-
ent values of the central density, and inclinations i = 30° and i = 60°.

1.6398 1.6412 1.6426

1.0

1.5

2.0

2.5

No
rm

al
ize

d 
flu

x

Br12

1.6797 1.6811 1.6825

Br11

1.7353 1.7367 1.7381

Br10

1.8164 1.8179 1.8194

Br9

1.9435 1.9451 1.9467
Wavelength [ m]

1.0

1.5

2.0

2.5

No
rm

al
ize

d 
flu

x

Br

2.1643 2.1661 2.1679
Wavelength [ m]

Br

2.6237 2.6259 2.6281
Wavelength [ m]

Br

4.0489 4.0523 4.0557
Wavelength [ m]

n = 3.50
i = 30°

Br

0 = 1×10 12 g cm 3

0 = 5×10 12 g cm 3

0 = 1×10 11 g cm 3

0 = 5×10 11 g cm 3

0 = 1×10 10 g cm 3

1.6398 1.6412 1.6426

1.0
1.2
1.4
1.6
1.8
2.0

No
rm

al
ize

d 
flu

x

Br12

1.6797 1.6811 1.6825

Br11

1.7353 1.7367 1.7381

Br10

1.8164 1.8179 1.8194

Br9

1.9435 1.9451 1.9467
Wavelength [ m]

1.0
1.2
1.4
1.6
1.8
2.0

No
rm

al
ize

d 
flu

x

Br

2.1643 2.1661 2.1679
Wavelength [ m]

Br

2.6237 2.6259 2.6281
Wavelength [ m]

Br

4.0489 4.0523 4.0557
Wavelength [ m]

n = 3.50
i = 60°

Br

0 = 1×10 12 g cm 3

0 = 5×10 12 g cm 3

0 = 1×10 11 g cm 3

0 = 5×10 11 g cm 3

0 = 1×10 10 g cm 3

Figure A3. Synthetic Brackett line profiles obtained for an exponent of the density law n = 3.5,
different values of the central density, and inclinations i = 30° and i = 60°.
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Figure A4. Synthetic Brackett line profiles obtained for an exponent of the density law n = 4.0,
different values of the central density, and inclinations i = 30° and i = 60°.

Appendix A.2. EW and Flux Ratios for i = 30° and i = 60°
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Figure A5. EW ratio for the Brackett lines relative to EW(Br12) for i = 30° and i = 60°. Each panel
corresponds to a given central density ρ0, and each curve represents a given n value.
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Figure A6. Flux ratio for the Brackett lines relative to flux(Br12) for i = 30° and i = 60°. Each panel
corresponds to a given central density ρ0, and each curve represents a given n value.

Notes
1 The code actually uses n0, the density in numerical units per cm−3. Both parameters are related via the expression ρ0 = n0 · µ ·mH ,

where µ = 0.6 is the mean molecular weight, and mH = 1.67× 10−24 g is the mass of the hydrogen atom. Then, ρ0 ' no × 10−24 g.
2 Apart from the models that we present in Table 1, we computed additional models for each to account for the disc’s outer radius.

We computed around 50 models, which took approximately 150 hours of calculation in CITECCA’s cluster (see Acknowledgments
for more information).

3 PyHdust provides analysis tools for multi-technique astronomical data and HDUST models.
4 Specutils is a Python package for representing, loading, manipulating, and analysing astronomical spectroscopic data [30].
5 http://www.astropy.org, accessed on 15 August 2023.
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Abstract: With the aim of better understanding the physical conditions under which Be stars form
and evolve, it is imperative to further investigate whether poorly studied young open clusters host
Be stars. In this work, we explain how data from Gaia DR2 and DR3 can be combined to recover
and characterize active Be stars in open clusters. We test our methodology in four open clusters
broadly studied in the literature, known for hosting numerous Be stars. In addition, we show that the
disk formation and dissipation approach that is typically used to model long term Be star variability,
can explain the observed trends for Be stars in a (GDR3-GDR2) versus GDR3 plot. We propose that
extending this methodology to other open clusters, and, in particular, those that are poorly studied,
will help to increase the number of Be candidates. Eventually, Be stars may eclipse binary systems in
open clusters.
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1. Introduction

Be stars are rapidly rotating main sequence B-type stars that have exhibited hydrogen
emission lines at least once, a signature of the presence of a circumstellar envelope, usually
described in the viscous decretion disk framework [1]. Even though Be stars constitute
about 30% of early B-type stars, or even more in some young open clusters [2–4], the
mechanisms involved in the development of the disk are still under study, and neither
the origin of the rapid rotation of these stars, nor how close to critical they rotate, is well
understood [1]. In the single star scenario, stellar evolution allows stars with a sufficiently
large initial angular momentum content to evolve towards the critical limit [5–7]. Episodes
of mass transfer in binary systems [8,9] could also lead to the formation of a rapidly rotating
star that could potentially become a Be star.

Following the single rotating star scenario, it is expected that clusters with log(age[Myr])
around 7.1 to 7.4 are likely host a number of Be stars, and, indeed, this is observed (e.g., [10]).
In this framework, these authors proposed that the Be phenomenon is an evolutionary
effect, appearing at the end of the main-sequence lifetime of a rapidly rotating B star.

Yet, why do some clusters of this age range host a very large fraction of Be stars while
others have only a handful of them? Is this just an effect of small number statistics or are
there real differences in the clusters where these stars form and evolve?

With the aim of better understanding the physical conditions under which Be stars
form and evolve, it is imperative to further investigate whether poorly studied young open
clusters host Be stars. This is not an easy task, because characterizing Be stars relies on
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obtaining spectroscopic data of individual stars, which is usually expensive in terms of
telescope time. The results from spectroscopic surveys, such as the Apache Point Obser-
vatory Galactic Evolution Experiment (APOGEE) [11] or the Large sky Area Multi-Object
fiber Spectroscopic Telescope (LAMOST) [12], have successfully increased the number of
Be stars (e.g., Chojnowski et al. [13], Lin et al. [14], Vioque et al. [15], Wang et al. [16]).
However, due to the transient nature of these objects, developing new methods of detecting
Be candidates is called for. In particular, a new method, utilizing photometric archival data
from Gaia Data Release 2 (DR2) [17] and Data Release 3 (DR3) [18], seems very promising,
and devising such a method was the aim of the present article.

In Section 2, we explain how data from Gaia DR2 and DR3 can be combined to
recover and characterize active Be stars in four broadly studied open clusters, two of which
constitute the Double Cluster NGC869/NGC884. Then, in Section 3 we present a toy
model of disc formation and dissipation around a B type star which can help explain the
observations. Finally, we present our results and conclusions.

2. Materials and Methods
2.1. Gaia DR2 and DR3 Photometry

One of the main goals of the Gaia mission is to deliver multi-band photometry from
the spectral energy distribution of stars in order to derive stellar fundamental parameters
and identify peculiar objects [19]. Up to now, Gaia has provided three data releases (DRs).
In particular, Gaia’s second data release (DR2) was published during April, 2018, and Gaia
Data Release 3 was split into the early release, called Gaia Early Data Release 3 (Gaia EDR3)
and the full Gaia Data Release 3 (Gaia DR3),which was finally released in June, 2022. While
DR2 spanned 22 months of data, (E)DR3 data spanned 34 months, including those of DR2.

At each Gaia release, a fundamental step in data processing, referred to as photometric
external calibration, was performed. As a consequence, each release has its own definition
of the set of passbands G, GBP and GRP. Basically, each of these three passbands changes
between different releases. For this reason, a direct comparison of individual stars from
different releases is usually discouraged [20]. Instead, for a comparison between releases it
is recommended to use carefully selected datasets. For further details on Gaia photometry
the reader is referred to Riello et al. [20], as well as the Gaia documentation pages.

In the present article, we proposed comparing Gaia DR2 and DR3 photometry for four
well studied open clusters hosting numerous Be stars: the double cluster NGC869/NGC884,
NGC663 and NGC7419.

2.2. Taking Advantage of the Variable Nature of Be Stars

First of all, it is important to recall that Be stars usually undergo photometric and
spectroscopic variability on different timescales [1]. The characteristics of their mid- and
long-term photometric variability, typically lasting from months to years, can be mostly
explained in the Viscous Decretion Disk (VDD) framework [21] in terms of disk formation
or dissipation processes, or due to disk perturbations (e.g., Rivinius et al. [1], Labadie-Bartz
et al. [22], and references therein).

For the clusters under study, we claimed that stars which had not exhibited variability
during the Gaia mission, small amplitude variable stars and, even, unresolved binaries,
would not only have smaller error bars in Gaia photometric data than active Be stars, but
would also define a narrow sequence in the (GDR3-GDR2) versus GDR3. We refer to stars in
this tight sequence as stable stars. Due to the typical amplitude of their long-term variability,
of the order of one magnitude [23], active Be stars that exhibited variability during the Gaia
mission would depart from this sequence. In this case, we describe stars with a significant
disk variability within the epoch of each release as ’active’. Stars with a stable disk, or even
those having variability much smaller than the duration of the mission, would also remain
close to the narrow band of stable stars. In the next subsection we detail our findings for
each cluster.
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If the Gaia filters were identical between releases, the narrow band of stable stars would
cluster around zero. As described above, this is not the case, as filters were redefined at
each release [17,18]. In this work, we center our analysis on the Gaia G filter variability
between DR2 and DR3, as in both releases the errors in the G band were significantly
smaller than those of the other two bands, GB and GR [20].

2.3. Open Cluster Data

As mentioned previously, we focused on four galactic open clusters gathered in
three different samples, with ages between 14 and 40 Myr, notorious for their large num-
ber of Be stars, which have been broadly studied in the literature: the double cluster
NGC869/NGC884 [24–26], NGC663 [3,27,28] and NGC7419 [2]. As these are rich in Be
stars, it was expected that a fraction of them would either be forming or dissipating a disk
in the epoch of observation.

For each cluster, we considered as cluster members those stars having membership
probabilities larger than 0.5, according to [29]. All the data analyzed in this work are
provided in the Appendix A.

3. Results
3.1. NGC869/NGC884

The pair consisting of NGC869 and NGC884, centered at right ascension, RA, and
declination, dec, 34.741◦, +57.134◦ and 35.584◦, +57.149◦, respectively, is a physically bound
system. The distance to NGC869 is 2246 pc, its age is 12.9 Myr and its mean absorption in
the V band is 1.749, while for NGC 884 the distance is 2150 pc, with an age of 15.4 Myr and a
mean extinction in the V band of 1.709, according to [30], and, in agreement with [29,31,32],
within the errors.

For this double cluster, we selected objects with GDR3 < 14.5 because all their known
B stars are more than one magnitude brighter than this value. To start with, we investigated
errors in the G band for these bright cluster members. In Figure 1a we plotted the errors
in GDR3 (errGDR3) versus GDR3. Small violet symbols indicate cluster members, and red
squares indicate known Be stars from the literature [25,33]. Cyan symbols indicate stars
classified as eclipsing binaries (EBs) in SIMBAD, and green triangles are non-Be pulsating
variable stars in NGC 884 by [34]. Blue pentagons belong to the RS Canum Venaticorum
class, a type of active eclipsing binary star, according to [35].
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Figure 1. Data for NGC869/NGC884. (a) Error in the GDR3 band versus GDR3 magnitude.
(b) (GDR3-GDR2) versus GDR3. Violet small symbols indicate cluster members, and red squares
indicate known Be stars, cyan symbols indicate stars classified as eclipsing binaries, green triangles
are pulsating variable stars. Blue penthagons belong to the RS Canum Venaticorum class. The open
black circles enclose objects that depart significantly from the tight relation for stable stars.

The values of errGDR3 centered around a median value of 0.00277 for most stars in
the range of G plotted. Performing a detailed analysis of these photometric errors would
be a complex task [20] and was beyond the scope of the present article. However, and
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very interestingly, all stars with GDR3 < 12.5 with errGDR3 > 0.0029 are known Be stars.
Values of GDR3 > 12.5 delimited the transition from late B to early A stars at around
G = 14 mag, and, also, intriguingly, two of the stars with the largest departure from the
median value were stars classified as rotational variables by [35], and one of them had
shown pulsations [34] .

In Figure 1b we plotted (GDR3-GDR2) versus GDR3. Again, and not surprisingly, we
can clearly see that the seven Be stars with the largest errGDR3 also departed from the
violet trend, which indicated that these objects were changing significantly between the
two different releases. In addition, we can see that while two of the Be stars faded (above
the violet trend), another five Be stars brightened (below the violet trend). In Section 4,
we interpret the behavior of these objects in the context of a disk formation/dissipation
scheme, as seen from different inclination angles.

An inspection of Figure 1b led us to propose that six stars departed from the violet
trend that gathered most stars, or stable stars. These are indicated with open black circles
and were considered to be Be candidates. Interestingly, one of them was an EB. Together
with the 16 known Be stars and other interesting variable stars, we listed the Be candidates,
as shown in Table A1.

3.2. NGC663

The open cluster NGC663 is located at RA of 26.586◦ and dec of +61.212◦, at a distance
of 2950 pc, having an age of 30 Myr and an average extinction in the V band of 2.18 [32].

Similar to the double cluster, we considered objects with GDR3 < 14.5, which easily
included B-type stars.

The color coding in Figure 2 is identical to Figure 1: violet symbols indicate cluster
members in the quoted range, while red squares are known Be stars. Figure 2a shows that
stars with errGDR3 > 0.0029 and GDR3 < 13.5 were all known Be stars. There were two
stars beyond this limit, with errGDR3 > 0.0029, that were not known Be stars. Figure 2b
shows that most of the Be stars were at, or above, the violet trend of stable stars. Only three
Be stars were below. An eye inspection of Figure 2 led us to propose 5 Be candidates, which
are indicated as open circles, in addition to the 30 known Be stars. We list them in Table A2.
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Figure 2. Data for the cluster NGC 663. (a) Error in the GDR3 band versus GDR3 magnitude.
(b) (GDR3-GDR2) versus GDR3. Violet small symbols indicate cluster members and red squares
indicate known Be stars. The open black circles enclose objects that depart significantly from the tight
relation for stable stars.

3.3. NGC7419

The cluster NGC 7419 is located at RA 343.579◦, dec +60.814◦, and, according to the
literature, at a distance between 3105 pc [30] and 3236 pc [36]. Different values for its age are
found in the literature, between 5 Myr [30] and 30 Myr [31]. The number of red supergiant
and Be stars observed in this cluster may favor an intermediate age of 14 Myr [37]. The
average extinction in the V band of this cluster is large, with a value of 4.291 [30].
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NGC 7419 is more distant than the other three clusters mentioned above, and suffers
frpm a heavy intra-cluster reddening, as can be deduced from its broad Color-Magnitude
Diagram [2]. Objects close to a magnitude of G = 17 have been classified as Be stars by these
authors, so this is why we included all objects brighter than GEDR3 = 18 in this analysis.

Figure 3a shows that all but one star with GDR3 < 15 and errGDR3 > 0.003 were
known Be stars. As in the previous cases, Be stars were characterized by their large
errors when compared to the non-Be cluster stars (stable stars). In Figure 3b, the values
of GDR3-GDR2 had a significantly larger dispersion than those in Figures 1b and 2b. This
is why we color-coded according to the (BG-RG) color of each star. Red open squares
indicate Be stars and the empty red square corresponds to a Be star for which no BG or
RG was available. Black open circles in Figure 3b enclose stars that significantly departed
from the main stable star distribution. The dispersion was much larger in this highly
reddened cluster, so we arbitrarily considered stars with GDR3-GDR2 > −0.015 or GDR3-
GDR2 < −0.034 as candidates. Using this criteria, we obtained 19 new Be candidates, two
of which were actually EBs, in addition to the 37 known Be stars that were cluster members
with probability higher than 0.5, according to [29]. We list the Be candidates and EBs in
Table A3.
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Figure 3. (a) The same as Figure 1a for the cluster NGC 7419. (b) The same plot as Figure 1b, but the
color coding corresponds to the color (BG−RG). The blue symbols indicate EBs.

3.4. A Model for Be Disk Formation and Dissipation

It was beyond the scope of the present article to model each Be star developing, or not
developing, variability between the DR2 and DR3 releases, in detail. However, we could
gain insight as to whether a typical model for disk formation and dissipation could explain
the observed trends for Be stars in the (GDR3-GDR2) versus GDR3 plot.

With this aim, we used the SINGLEBE code [38,39] in order to compute the dynamical
1D surface density of an isothermal viscous decretion disk. SINGLEBE is a hydrody-
namic code, which solves the time-dependent fluid equations [40] in the thin disk approx-
imation. The vertical hydrostatic equilibrium solution, with a power-law scale height
H = H0(r/R)1.5 , and H0 being the scale height at the base of the disk, r being the distance
from the central star and R the stellar radius, was used to convert the output of SINGLEBE
to a volume density. Then, this density structure was used by the 3D non-LTE Monte Carlo
radiative transfer code HDUST [41,42], which calculated the synthetic observables from
the star plus disk system, including the spectral energy distribution, SED.

In the models presented here, we considered only two different stellar models, cor-
responding to B2 and B7 stars. Their stellar parameters were identical to those presented
by Ghoreyshi et al. [43] and the stars were considered to rotate at 75% of their critical
speeds. We assumed that the disks were built up for 50 years with a steady mass injection
rate of 7.7 × 10−9 M�/year and 1.14 × 10−10 M�/year for the B2 and B7 stellar model,
respectively, which were typical mass loss rates for these spectral types [43]. After build-up,
the disks were allowed to dissipate for 50 years.

206



Galaxies 2023, 11, 37

For the B2 star, a base surface density of 0.8 g cm−2 (volume density, ρ0 = 2.13 × 10−11

g cm−3) was adopted. Similarly, for the B7 star a disk base surface density of 0.1 g cm−2

(volume density, ρ0 = 4.4 × 10−12 g cm−3) was used. We considered the inclination angles
of 0◦ (pole-on), 30◦, 70◦ and 90◦ (equator-on), as seen by an observer.

Along the synthetic build-up/dissipation sequence, for each SED, we computed Gaia
magnitudes G, GB and GR using the passbands and zero point magnitudes available in the
Gaia DR21 and DR32 web pages, which enabled us to make lightcurves. Of course, this
type of synthetic lightcurve represents average long term variability of Be stars, and does
not capture other short term variability often observed in Be stars.

We note that, for most stars, Gaia DR3 provides time-averaged magnitudes in the
different bands, and only for some stars is a time-series also available [20].

It was the goal of this article to interpret these average values delivered by Gaia DR2
and DR3. To do so, at each time of the build-up/dissipation sequence, we computed the
simple average values of the G, GB and GR within the previous 22 months for DR2 and
34 months for DR3, and assumed that, prior to the disk development, there was no disk
at all.

Then, at each time of the build-up/dissipation sequence, we computed the difference
between the average G magnitude DR3 (GDR3) and the average G magnitude DR2 (GDR2),
twelve months before. This was to account for the fact that DR3 included 12 more months of
data than DR2 data.

We denoted (GDR3-GDR2)0 as the value of (GDR3-GDR2) for the diskless star.
In Figure 4a we plotted the predicted (GDR3-GDR2), normalized relative to (GDR3-GDR2)0,
versus GDR3 for the B2 stellar model with different colors indicating different inclination
angles. The dotted part of the curve corresponds to buildup, while the continuous line
indicates the dissipation phase. Full circles mark the start of the cycle. Coloured squares
show the average value within a full disk formation–dissipation cycle (100 years in the case
presented here), but a similar result would be obtained for a shorter cycle, when formation
and dissipation have the same length. This suggested that stars that undergo full cycles
within the Gaia releases might tend to cluster above the zero level.

Figure 4b is the same Figure 4a for the B7 model. While the global behavior was
similar for both stellar models, a larger departure from the zero level was obtained for the
earlier spectral type.
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Figure 4. (a) Modeled (GDR3-GDR2), normalized relative to the value at time zero, with subindex 0,
versus GDR3 for the B2 model. Different colors indicate different inclination angles. The dotted part
of the curve corresponds to build-up and the continuous line to dissipation. The black line indicates
the zero level (no variability). The full circles indicate the beginning of the cycle. The squares indicate
the average value within a complete cycle and the gray line joins these squares. (b) Same as (a) for
the B7 model.

We can see that for small inclination angles the values of (GDR3-GDR2)-(GDR3-GDR2)0
were positive during the disc build-up phase and negative during dissipation, while
for large inclinations the opposite was observed. Moreover, the predicted differences in
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brightness were in good agreement with what was observed for early and late Be stars, as
seen in the previous subsections.

Interestingly, if the dissipation phases were longer than the formation phases, as
suggested in the literature [44,45], then observation of stars during their disk dissipation
stage would be more likely. Furthermore, observation of active Be stars with a small
inclination angle, with positive values of GDR3-GDR2, and those with large inclination
angles with negative values, relative to the stable stars would be more likely.

We investigated this point for the Double Cluster NGC869/NGC884, for which we
had extensive data for cluster B-type stars. Figure 5 is similar to Figure 1b, but normalized
to the stable star sequence, through a linear piecewise fit. This way, we could directly
compare the data with the models of Figure 4. The color coding indicates the projected
rotational velocity (in km s−1) for the stars with available data. In Table A1 we indicate the
reference for each velocity measurement.
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Figure 5. Similar to Figure 1b, but normalized to the stable star sequence, color coded according their
projected rotational velocity (in units of km s−1).

We can see that the stars with a positive difference in G magnitude between the two
releases had small projected rotational velocities, while among the five stars with negative
differences, three had values larger than 300 km s−1 and only one had a projected rotational
velocity smaller than 200 km s−1.

4. Discussion

We showed that the error in the Gaia G band and GDR3-GDR2 were both excellent
quantities to detect active Be stars in open clusters. Additionally, the latter quantity could
be useful for insight into the inclination angle of the star as well. This could be particularly
useful for stars for which no Gaia spectroscopic data, nor lightcurve, is yet available.

Increasing the number of Be candidates in poorly studied open clusters certainly helps
in better understanding the environments where these stars form and evolve, so this paper
opens a new opportunity in the Be star research community.

Among the few objects without a Be classification, that departed from the tight stellar
sequence in the GDR3-GDR2 versus GDR3 diagram, we found one RS Canum Venaticorum
star in the Double Cluster and two Eclipsing Binary stars in NGC 7419. These types
of binaries with short period variability, could exhibit large differences within different
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releases, which could certainly influence the average magnitude of the object if a different
proportion of light minima were caught between DR2 and DR3.

Among the new Be candidates, we could potentially have a few eclipsing binaries,
which are themselves interesting objects to study in clusters (e.g., [46] and references
therein). The study of these objects allows us to accurately measure stellar parameters of
the binary stars, having the same age and chemical composition, and, together with the
cluster isochrone studies, put solid constraints on stellar evolution models.
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Appendix A

Appendix A.1. NGC869/NGC884

We present Table A1 that contains relevant data for the Double Cluster. The first
columns indicate position (RA and Dec), then Gaia DR2 brightness in G,GB and GR
passbands, Gaia DR3 brightness in G, its error , GB and GR passbands. The column “Group”
indicates different types of interesting objects: 1 corresponds to known Be stars either
from SIMBAD or [47], 2 Eclipsing binaries from SIMBAD, 3 β Ceph starsfrom SIMBAD,
4 Pulsational variable according to [34], 5 Candidate Be stars according to the present
work and 6 RS Canum Venaticorum stars according to [35]. The asterisk in the last column
indicates the two-peak separation of an intense near IR hydrogen line from APOGEE [48],
for a Be star without V sin(i) available in the literature.
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Table A1. Relevant data for variable stars of the Double Cluster. See text for a description.

RA DEC GDR2 GBDR2 GRDR2 GDR3 errGDR3 GBDR3 GRDR3 Group V sin(i) Ref.

34.9493 57.1110 10.8742 11.1487 10.3406 10.9341 0.0062 11.2242 10.4313 1 51 [24]
34.5823 57.1462 12.1688 12.3107 11.8610 12.1583 0.0028 12.3166 11.8579 1 207 [24]
34.8701 57.1179 10.9403 11.2315 10.4876 10.9430 0.0030 11.2193 10.4826 1 264 [24]
34.7368 57.1286 12.0243 12.2062 11.6728 12.0125 0.0028 12.2074 11.6691 1 219 [24]
34.7263 57.1582 10.2641 10.4417 9.9624 10.2670 0.0028 10.4313 9.9551 1 151 [24]
34.8644 57.1382 9.2773 9.4955 8.9362 9.2856 0.0028 9.4795 8.9269 1 127 [24]
34.7244 57.1395 9.4608 9.6454 9.1537 9.4659 0.0028 9.6308 9.1476 1 258 [24]
35.8538 57.3176 10.5171 10.9499 9.9197 10.4723 0.0054 10.8947 9.8582 1 187 [33]
35.4289 57.0918 11.2214 11.4029 10.9038 11.1660 0.0049 11.3458 10.7962 1 242 [24]
35.7402 57.3940 12.3000 12.5393 11.8834 12.2877 0.0028 12.5352 11.8769 1 426 *
35.4706 57.1664 9.6194 9.9104 9.1552 9.7160 0.0053 9.9660 9.2597 1 79 [24]
35.7503 57.2039 11.8232 12.0240 11.4525 11.8161 0.0029 12.0239 11.4485 1–4 360 [24]
35.7095 57.1474 11.8411 12.0159 11.5078 11.8091 0.0033 12.0022 11.4536 1–4 338 [24]
35.7674 57.1274 10.2063 10.4515 9.8175 10.1797 0.0040 10.4128 9.7811 1–4 300 [49]
35.4353 57.1812 11.4977 11.7296 11.1105 11.4967 0.0028 11.7209 11.1072 1–4 229 [33]
35.5103 57.1557 10.9163 11.1057 10.5768 10.8882 0.0038 11.0594 10.5437 1–4 345 [26]
35.5127 57.1348 11.5075 11.6759 11.1950 11.4989 0.0029 11.6788 11.1861 2
35.7670 57.1691 12.0040 12.2191 11.6201 11.9934 0.0028 12.2141 11.6150 2
35.5034 57.1255 11.0243 11.1382 10.8016 11.0235 0.0028 11.1329 10.7970 2 108 [24]
35.5651 57.2247 11.6959 11.8949 11.3398 11.6868 0.0028 11.8861 11.3327 2 42 [24]
34.7403 57.1383 10.9792 11.1288 10.6958 10.9792 0.0028 11.1266 10.6901 3 29 [24]
35.5116 57.1403 9.8773 10.0418 9.6027 9.8797 0.0028 10.0249 9.5944 3–4 101 [24]
35.4569 57.0266 13.0194 13.2094 12.6567 13.0016 0.0033 13.2051 12.6650 6–4 67 [24]
35.4656 57.2516 13.0872 13.3849 12.6004 13.0761 0.0028 13.3813 12.5933 4
35.5632 57.1613 12.2744 12.4501 11.9271 12.2618 0.0028 12.4466 11.9218 4 74 [24]
35.3907 57.0655 12.9961 13.2280 12.5881 12.9839 0.0028 13.2265 12.5862 4 33 [24]
35.3685 57.1429 12.7480 12.9406 12.3892 12.7346 0.0028 12.9385 12.3857 4
35.6083 57.1148 13.6839 13.8988 13.2909 13.6709 0.0028 13.8914 13.2902 4 261 [24]
35.5357 57.1245 9.0813 9.2409 8.8145 9.0882 0.0028 9.2231 8.8073 4 106 [24]
35.6736 57.1745 13.7828 14.0480 13.3374 13.7699 0.0028 14.0369 13.3322 4
35.7984 57.1721 9.4555 9.6140 9.1837 9.4608 0.0028 9.5966 9.1803 4
35.6791 57.2053 14.0299 14.2640 13.5991 14.0169 0.0028 14.2585 13.5901 4
35.5610 57.1038 12.7677 12.9296 12.4428 12.7528 0.0028 12.9300 12.4399 4 261 [24]
35.5740 57.1038 13.9658 14.1573 13.6065 13.9531 0.0028 14.1542 13.6056 4
35.3572 57.0727 13.4464 13.6912 13.0258 13.4346 0.0028 13.6834 13.0205 4 170 [24]
35.6499 57.2089 14.3629 14.6035 13.9438 14.3493 0.0028 14.5967 13.9436 4
35.3535 57.0403 13.1761 13.3697 12.8174 13.1619 0.0028 13.3636 12.8114 4 318.4 [50]
35.5546 57.0228 13.0086 13.2169 12.6250 12.9914 0.0028 13.2075 12.6215 4 203 [24]
35.8416 57.0071 13.6374 13.8506 13.2549 13.6243 0.0028 13.8428 13.2505 4
35.7392 57.0089 12.4026 12.5392 12.1126 12.3868 0.0028 12.5385 12.1088 4
35.5774 57.1972 11.5349 11.7150 11.1979 11.5283 0.0028 11.7130 11.1917 4 112 [24]
35.8269 57.2589 13.4186 13.6603 13.0026 13.4065 0.0028 13.6522 12.9944 4
35.4569 57.1393 11.2951 11.4272 11.0250 11.2929 0.0028 11.4336 11.0207 4 136 [33]
35.4455 57.1649 13.4276 13.6494 13.0349 13.4139 0.0028 13.6431 13.0301 4 116 [24]
35.4415 57.0836 12.5769 12.7887 12.1972 12.5632 0.0028 12.7839 12.1909 4 248 [24]
35.4350 57.1483 11.8044 11.9496 11.5095 11.7970 0.0028 11.9506 11.5091 4 67 [26]
35.5934 57.1841 13.7854 14.0243 13.3578 13.7725 0.0028 14.0223 13.3545 4 371 [24]
35.5205 57.1005 13.1930 13.3577 12.8670 13.1802 0.0028 13.3576 12.8634 4 154 [24]
35.5464 57.1067 14.1656 14.3810 13.7706 14.1522 0.0028 14.3773 13.7698 4
35.6210 57.0288 12.9666 13.1444 12.6263 12.9498 0.0028 13.1403 12.6211 4 30 [24]
35.5146 57.1190 12.5907 12.7674 12.2621 12.5758 0.0028 12.7574 12.2585 4 141 [24]
35.5571 57.0881 13.0428 13.1915 12.7294 13.0287 0.0028 13.1966 12.7270 4 108 [24]
35.5302 57.2033 12.5708 12.7529 12.2199 12.5593 0.0028 12.7542 12.2175 4 81 [24]
35.5116 57.1479 12.4469 12.6046 12.1357 12.4332 0.0028 12.6024 12.1317 4
35.5968 57.1682 14.0780 14.3092 13.6478 14.0658 0.0028 14.3022 13.6473 4
35.4447 57.1241 10.9932 11.1498 10.7138 10.9954 0.0028 11.1461 10.7073 4 169 [24]
35.6619 57.1955 12.4247 12.6093 12.0751 12.4104 0.0028 12.6058 12.0690 4 241 [24]
35.5470 57.1093 13.8381 14.0395 13.4629 13.8253 0.0028 14.0377 13.4634 4
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Table A1. Cont.

RA DEC GDR2 GBDR2 GRDR2 GDR3 errGDR3 GBDR3 GRDR3 Group V sin(i) Ref.

35.6244 57.2080 9.4355 9.6155 9.1426 9.4389 0.0028 9.5958 9.1318 4 116 [24]
34.4696 57.1242 12.9408 13.1021 12.6158 12.9441 0.0029 13.1196 12.6285 5 180 [50]
34.8142 57.0939 13.0988 13.3639 12.6514 13.0739 0.0029 13.3422 12.6408 5 185 [24]
34.8834 57.1218 13.6437 13.9132 13.1905 13.6183 0.0030 13.9044 13.1716 5–6 272 [24]
35.4618 57.2643 13.5838 13.5885 0.0029 5
35.5035 57.1597 11.2881 11.4393 11.0116 11.2935 0.0028 11.4408 11.0079 5 79 [24]
35.7434 57.0802 13.7731 14.0176 13.3364 13.7703 0.0028 14.0095 13.3302 5–4 228 [24]

EBs are identified with the symbol * next to the RA value.

Appendix A.2. NGC663

Be candidates of NGC663 proposed in this article as described in Section 3.2. All the
data for the star cluster members [29] are available online in Gaia DR2 and DR3.

Table A2. Be candidates of NGC663. See text for a description.

RA DEC GDR2 GBDR2 GRDR2 GDR3 errGDR3 GBDR3 GRDR3

26.1345 61.0357 11.7643 11.9475 11.4064 11.7675 0.0025 11.9430 11.3990
26.5405 61.2060 12.6804 12.9845 12.1887 12.7118 0.0028 13.0160 12.2311
26.5817 61.2636 11.4527 11.8009 10.9543 11.4701 0.0029 11.7979 10.9528
26.6511 61.2011 14.0593 14.4175 13.5280 14.0679 0.0031 14.4219 13.5397
26.8232 61.3506 13.8222 14.1819 13.2778 13.8036 0.0034 14.1629 13.2602

Appendix A.3. NGC7419

17 Be candidates of NGC7419 proposed in this article as described in Section 3.3, and
2 EBs. All the data for the star cluster members [29] are available online in Gaia DR2
and DR3.

Table A3. Be candidates of NGC7419. See text for a description.

RA DEC GDR2 GBDR2 GRDR2 GDR3 errGDR3 GBDR3 GRDR3

343.3217 60.8266 16.2447 17.9178 14.9481 16.2317 0.0038 17.8946 14.9813
343.3976 60.7236 17.8185 19.6804 16.4386 17.8098 0.0030 19.7270 16.4657
343.5181 60.7933 17.1032 18.5614 15.8439 17.0907 0.0029 18.5888 15.8691
343.5192 60.7611 16.3070 17.4165 15.0216 16.2996 0.0029 17.4446 15.0234
343.5481 60.8442 15.7882 16.9885 14.6624 15.7526 0.0030 16.9658 14.6565
343.5646 60.8256 16.6244 17.6384 15.2435 16.6339 0.0031 17.6608 15.2752
343.5754 60.8065 16.3449 16.3460 0.0030 17.3938 15.1945
343.5891 * 60.8316 15.4774 16.6915 14.3236 15.4416 0.0045 16.6786 14.3248
343.5972 60.8085 16.9569 17.8607 15.2027 16.9731 0.0031 17.9529 15.2617
343.6272 60.7987 17.7249 18.8056 15.8962 17.7590 0.0035 18.8473 15.9640
343.6694 60.7861 15.5368 16.7586 14.4025 15.4961 0.0035 16.7250 14.3865
343.6737 60.8330 17.3693 19.2339 16.0482 17.3605 0.0030 19.2504 16.0646
343.6776 60.7436 17.7969 19.5841 16.4758 17.7850 0.0030 19.5888 16.4931
343.6802 60.8398 17.0955 17.1111 0.0030 19.3139 15.7285
343.6902 60.8920 16.3127 17.3359 15.2738 16.3054 0.0028 17.3156 15.2716
343.7105 60.7716 16.1045 17.3278 14.9738 16.0684 0.0030 17.2937 14.9631
343.7106 60.8031 17.8798 19.3287 16.6495 17.8704 0.0030 19.3064 16.6636
343.7752 * 60.7680 14.8305 15.8472 13.7992 14.8327 0.0061 15.8423 13.8122
343.8161 60.8345 17.8965 17.9114 0.0031 20.0666 16.5431

EBs are identified with the symbol * next to the RA value.

Notes
1 https://www.cosmos.esa.int/web/gaia/iow_20180316 (accessed on 15 February 2023).
2 https://www.cosmos.esa.int/web/gaia/edr3-passbands (accessed on 15 February 2023).
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Abstract: Mass loss is one of the key parameters that determine stellar evolution. Despite the progress
we have achieved over the last decades we still cannot match the observational derived values with
theoretical predictions. Even worse, there are certain phases, such as the B[e] supergiants (B[e]SGs)
and the Luminous Blue Variables (LBVs), where significant mass is lost through episodic or outburst
activity. This leads to various structures forming around them that permit dust formation, making these
objects bright IR sources. The ASSESS project aims to determine the role of episodic mass in the evolution
of massive stars, by examining large numbers of cool and hot objects (such as B[e]SGs/LBVs). For this
purpose, we initiated a large observation campaign to obtain spectroscopic data for∼1000 IR-selected
sources in 27 nearby galaxies. Within this project we successfully identified seven B[e] supergiants (one
candidate) and four Luminous Blue Variables of which six and two, respectively, are new discoveries. We
used spectroscopic, photometric, and light curve information to better constrain the nature of the reported
objects. We particularly noted the presence of B[e]SGs at metallicity environments as low as 0.14 Z�.

Keywords: massive stars; mass-loss stars; star evolution; emission line; Be circumstellar matter;
supergiant stars; star variables; S Doradus infrared; galaxies: individual; WLM; NGC 55; NGC 247;
NGC 253; NGC 300; NGC 3109; NGC 7793

1. Introduction

How exactly single massive stars, born as O/B-type main-sequence stars, progress to
more evolved phases and eventually die remains an open question. Binarity, which has an
important implication in the evolution, even further complicates the quest for an answer.
Observational data has revealed a number of transitional phases in which massive stars
can be found, also known as the massive star “zoo”. Whether they pass through certain
phases or not depends on the following: initial mass (≥8 M�), metallicity (Z), rotational
velocity (vrot), mass loss properties and binarity [1–4]. Although some of them are quite
distinct (e.g., Wolf–Rayet stars, as opposed to Red Supergiants, RSGs), there are phases
which display common observables, such as B[e] supergiants (B[e]SGs) and Luminous Blue
Variables (LBVs).

The B[e] phenomenon is characterized by numerous emission lines in the optical
spectra [5]. In particular, there is strong Balmer emission, low excitation permitted (e.g.,
Fe II), and forbidden lines (of [Fe II], and [O I]), as well as strong near- or mid-IR excess due
to hot circumstellar dust. However, this can be observed in sources at different evolutionary
stages (such as in Herbig AeBe stars, symbiotic systems, and compact planetary nebulae,
see [5] for detailed classification criteria). The B[e]SGs form a distinct subgroup based on a
number of secondary criteria. They are luminous stars (log L/L� & 4.0), showing broad
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Balmer emission lines with P Cygni or double-peaked profiles. They may also display
evidence of chemically processed material (e.g., 13CO enrichment, TiO) which points to an
evolved nature, although it is not yet certain if they are in pre- or post-RSG phases [6,7].
The presence of the hot circumstellar dust is due to a complex circumstellar environment
(CSE) formed by two components, a stellar wind radiating from the poles and a denser
equatorial ring-like structure [8–12]. However, the formation mechanism of this structure
remains elusive. A variety of mechanisms have been proposed, such as the following: fast
rotation [13], the bi-stability mechanism [14], slow-wind solutions [15], magneto-rotational
instability [16], mass transfer in binaries [17], mergers [18], non-radial pulsations or the
presence of objects that clear their paths [19]. Although poorly constrained, their initial
masses range from roughly 10 M� to less than 40 M� (Mehner 2023, IAU S361, subm.).

The LBVs are another rare subgroup of massive evolved stars, considered to represent a
transitional phase from massive O-type main-sequence to Wolf–Rayet stars (e.g., [3,20–22]).
They experience instabilities that lead to photometric variability, typically referred to as S
Dor cycles [22], as well as outbursts and episodic mass loss, similar to the giant eruption
of η Carina that resulted in large amounts of mass lost through ejecta (e.g., [23]). It is not
yet fully understood whether these two types of variability are related (e.g., [24]). Apart
from the evident photometric variability, their spectral appearance changes significantly
during their outburst activities (S Dor cycle). It is typical to experience loops from hot
(spectra of O/B type) to cool states (A/F spectral types while in outbursts). Depending on
the luminosity, the brightest LBVs (log L/L� > 5.8) seem to directly originate from main-
sequence stars (with mass > 50 M�), while the less luminous ones are possibly post-RSG
objects that have lost almost half of their initial masses (within the range of ∼25–40 M�)
during the RSG phase (Mehner 2023, IAU S361, subm.). Currently, various mechanisms
have been suggested, such as radiation and pressure instabilities, stellar rotation, and
binarity (see the reviews on the theory and observational evidence in [22,24], Mehner 2023,
IAU S361, subm., and the references therein) and, as such, no comprehensive theory exists
to explain them.

Therefore, if and how these two phases are linked remains an open question. B[e]SGs
tend to have initial masses with a wide range below the most luminous LBVs, and in
accordance with the less luminous ones. The presence of similar lines in their spectra
points to similarities in their CSEs, with shells and bipolar nebulae observed in both
cases [22,25,26].

Due to their photometric variability, LBVs are more commonly detected in other
galaxies compared to B[e]SGs, which generally display less variability1. Therefore, B[e]SGs
need to be searched for to be discovered. This has only been successful for 56 (candidate)
sources in the Galaxy and for the Magellanic Clouds (MCs), M31 and M33, and M81 [7],
and only recently in NGC 247 [27]. On the other hand, LBVs have been found in more
galaxies (additional to the aforementioned), such as IC 10, IC 1613, NGC 2366, NGC 6822,
NGC 1156, DDO 68, and PHL 293B [22,28–31], summing up to about 150 sources (including
candidates).

This paper presents the discovery of new B[e]SGs and LBV candidates found with a
systematic survey to identify massive, evolved, dusty sources in nearby galaxies (≤5 Mpc),
as part of the ASSESS project2 (Bonanos 2023, IAU S361, subm.). In Section 2 we provide a
short summary of the observations and of our approach, in Section 3 we present the new
sources, and in Sections 4 and 5 we discuss and conclude our work.

2. Materials and Methods
2.1. Galaxy Sample

For the ASSESS project, a list of 27 nearby galaxies (≤5 Mpc) was compiled (see
Bonanos 2023, IAU S361, subm.). In this paper, we present our results from a sub-sample of
these galaxies (Table 1) for which the spectral classification is final, while for another set we
have scheduled observations in queue and have submitted proposals. For some galaxies
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(e.g., MCs) data have been collected through other catalogs/surveys and are presented
separately (e.g., [32–35]).

Table 1. Properties of galaxies examined in this work: galaxy ID (column 1), sky coordinates (columns
2 and 3), galaxy type (column 4), distance (column 5), metallicity (column 6), and radial velocity (RV,
column 7).

ID R.A. Dec. Gal. Type Distance Metal. 1 RV 1,2

(J2000) (J2000) (Mpc) (Z�) (km s−1)
(1) (2) (3) (4) (5) (6) (7)

WLM 00:01:58 −15:27:39 SB(s)m: sp 0.98 ± 0.04 [36] 0.14 [37] −130 ± 1 [38]
NGC 55 00:14:53 −39:11:48 SB(s)m: sp 1.87 ± 0.02 [36] 0.27 [39] 129 ± 2 [38]
IC 10 00:20:17 +59:18:14 dIrr IV/BCD 0.80 ± 0.03 [40] 0.45 [41] −348 ± 1 [38]
NGC 247 00:47:09 −20:45:37 SAB(s)d 3.03 ± 0.03 [36] 0.40 [42] 156 [43]
NGC 253 00:47:33 −25:17:18 SAB(s)c 3.40 ± 0.06 [44] 0.72 [45] 259 [46]
NGC 300 00:54:53 −37:41:04 SA(s)d 1.97 ± 0.06 [36] 0.41 [47] 146 ± 2 [38]
NGC 1313 03:18:16 −66:29:54 SB(s)d 4.61 ± 0.17 [48] 0.57 [49] 470 [50]
NGC 3109 10:03:07 −26:09:35 SB(s)m edge-on 1.27 ± 0.03 [36] 0.21 [51] 403 ± 2 [38]
Sextans A 10:11:01 −04:41:34 IBm 1.34 ± 0.02 [52] 0.06 [53] 324 ± 2 [38]
M83 13:37:01 −29:51:56 SAB(s)c 4.90 ± 0.20 [54] 1.58 [55] 519 [46]
NGC 6822 19:44:58 +14:48:12 IB(s)m 0.45 ± 0.01 [36] 0.32 [56] −57 ± 2 [38]
NGC 7793 23:57:50 −32:35:28 SA(s)d 3.47 ± 0.04 [36] 0.42 [57] 227 [46]

1 The numbers presented here reflect the mean value per galaxy. 2 The RV errors correspond to the statistical error
and not the systemic one, which is (typically) larger.

2.2. Target Selection

The aim of the ASSESS project is to determine the role of episodic mass loss by de-
tecting and analyzing dusty evolved stars that are primary candidates to exhibit episodic
mass loss events (Bonanos 2023, IAU S361, subm.). This mass loss results in the forma-
tion of complex structures, such as shells and bipolar nebulae in Wolf–Rayet stars and
LBVs (e.g., [25,58]), detached shells in AGBs and RSGs (e.g., [59]), disks and rings around
B[e]SGs (e.g., [7,11], or even the dust-enshrouded shells within which the progenitors of
Super-Luminous Supernovae lay (e.g., [60–62]). The presence of these dusty CSEs makes
these sources bright in mid-IR imaging. Therefore, we based our catalog construction
on published point-source Spitzer catalogs [63]. Since IR data alone cannot distinguish
between these sources, the base catalogs were supplemented with other optical and near-IR
surveys (Pan-STARRS1; [64], VISTA Hemisphere Survey—VHS; [65], Gaia DR2; [66,67]).
Gaia information was also used to remove foreground sources when possible (see [68], and
Tramper et al., in prep., for more details).

Given this data collection, we performed a selection process to minimize contamina-
tion by AGB stars and background IR galaxies/quasars. An absolute magnitude cut of
M[3.6] ≤ −9.0 [34] and an apparent magnitude cut at m[4.5] ≤ 15.5 [69] were applied to avoid
AGB stars and background galaxies, respectively. In order to select the dusty targets we
considered all sources with an IR excess, defined by the color term m[3.6] −m[4.5] > 0.1 mag
(to exclude the majority of foreground stars, for which this is approximately 0, and to select the
most dusty IR sources). The three aforementioned criteria served as a minimum to consider a
source as a priority target. Consequently, the reddest and brightest point-sources in the Spitzer
catalogs were given the highest priority. An extensive priority list/system was constructed by
imposing certain limits for the color term, M[3.6], and the presence of an optical counterpart
(for more details, see Tramper et al., in prep.). Depending on the galaxy size we ended up
with a few tens to hundreds of targets per galaxy.

To obtain spectroscopic data for such a large number of targets we required instruments
with multi-object spectroscopic modes. With these we could allocate up to a few tens of
objects per pointing. Multiple pointings (with dithering and/or overlap) were applied
to cover more extended galaxies and when the density of the target was high. Therefore,
when we were creating the necessary multi-object masks we were forced to select sources
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based on the spatial limitations (e.g., located out of the field-of-view or at the sensor’s gap)
and spectral overlaps. Consequently, some priority targets were dropped and, additionally,
non-priority targets (“fillers”, i.e., sources dropped through the target selection approach
described previously) were added to fill the space.

2.3. Observations

To verify the nature of our selected targets we needed spectroscopic information. Since
this is not available for the majority of the ASSESS galaxies, we initiated an observation
campaign to obtain low resolution spectra. Given the large number of targets, along with the
sizes of the galaxies, we used the multi-object spectroscopic modes of the Optical System for
Imaging and low-Intermediate-Resolution Integrated Spectroscopy (OSIRIS; [70]), on the 10.4 m
GTC ([71], for the galaxies visible from the Northern hemisphere, i.e., IC 10 and NGC 6822). We
used the FOcal Reducer/low dispersion Spectrograph 2 (FORS; [72]), at 8.2 m ESO/VLT (for the
Southern galaxies, i.e., the rest of Table 1). The resolving power and wavelength coverage was
similar for both instruments, at ∼500–700 over the range R ∼5300–9800 Å for GTC/OSIRIS
and R ∼1000 over the range ∼5200–8700 Å for VLT/FORS2. Details for the observations and
data reduction can be found at Munoz-Sanchez et al., in prep., for the GTC/OSIRIS campaign
and Tramper et al., in prep., for the VLT/FORS2 campaign. Here we provide only a short
overview of the data reduction followed.

For the OSIRIS data we used the GTCMOS package3 which is an IRAF4. This pipeline
for spectroscopic data combines (for each raw exposure) the two CCD images from the
detector (correcting for geometric distortions) and performs bias subtraction. Although
it can perform the wavelength calibration and can correct the curvature across the spatial
direction in 2D images, we noticed that it was not perfect. For this reason we opted to
perform a manual approach and extracted a small cut in the image around each slit. We
performed the wavelength calibration individually for each of these images (slits) and tilt
was corrected when necessary. The science and sky spectra were extracted (in 1D), and
followed by flux calibration. We used IRAF to extract the long-slit spectra for standard
stars, and then the routine standard and sensfunc to obtain the sensitivity curve. This was
applied through the calibrated routine to the science spectrum.

For the FORS2 data, we used the FORS2 pipeline v5.5.7 under the EsoReflex envi-
ronment [74]. This resulted in flux-calibrated, sky-subtracted 1D spectra for each slit on
the mask. However, for some slits the pipeline did not produce suitable spectra, due to
multiple objects in the slit, strongly variable nebular emission, slit overlap, and/or strong
vignetting at the top of the CCD. For this reason, we also performed the reduction without
sky subtraction and manually selected the object and sky extraction regions from the 2D
spectrum. For each slit, the automatically and manually extracted spectra were visually
inspected, and the best reduction was chosen.

2.4. Spectral Classification

The resolution and wavelength range (as described in the previous section) provide
access to a number of spectral features, such as Hα (a mass loss tracer for high Ṁ stars), the
TiO bands (present in cool stars), He I and He II lines (indicative of hot stars), various metal
lines (notably Fe lines), and the Ca triplet (luminosity indicator). Therefore, we were able
to effectively classify the vast majority of our targets.

Both B[e]SGs and LBVs are characterized by strong emission lines, indicative of
their complex CSEs. Hα is usually found in very strong emissions and is significantly
broadened in the presence of strong stellar winds and/or the presence of a (detached)
disk (e.g., [7,12]). There were a number of He I lines (at λλ5876.6, 6678.2, 7065.2, 7281.4)
within our observed range, which manifest in the hottest sources. In the quiescence state of
LBVs, the presence of He lines indicates hotter sources (of B/A spectral type, which can be
observed even with P-Cygni profiles when stellar winds are strong, such as, for example,
in [21]). However, when an outburst is triggered and evolves outwards, the temperature
temporarily decreases until the ejecta become optically thin. As a result of this temperature
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shift, the spectral lines typical for the quiescent LBV weaken and metal emission lines
strengthen (e.g., [75]). During this phase, and depending on the temperature and density
conditions of the circumstellar material, they may also display some forbidden Fe lines.
B[e]SGs display additional forbidden emission lines, due to their more complex CSEs, with
typical examples being [O I] λλ5577, 6300, 6364 and [Ca II] λ7291, 7324. The latter is more
evident in the more luminous sources (e.g., [10,21]).

Therefore, among all sources identified with strong Hα emissions, we classified as
being B[e]SGs those with evident [O I] λ6300 [5,21], and as being LBVs those without. Both
classes may display forbidden emission lines from Fe and Ca (e.g., [21,76,77]), while all
of them display Fe emission lines. We note here that these LBVs are candidate sources,
since there is no absolute way to characterize an LBV from a single-epoch spectrum (in
contrast to B[e]SGs). It has to be supplemented with more spectroscopic or photometric
observations that reveal variability (and possibly the return to a hotter state). We also note
that our sample contained more interesting sources that displayed Hα in emission (i.e.,
main sequence O-stars and blue supergiants), but these were left for future papers (e.g.,
Munoz-Sanchez et al. 2023, IAU S361, submission).

3. Results
3.1. Statistics

From our large observational campaign, we were able to robustly classify (after careful
visual inspection) 465 objects in the 12 targeted galaxies (see Table 1). Only 11 out of all
of these (∼3%) contained features in their optical spectra that indicated a B[e] SG/LBV
nature (which was the subject of the current work, with the rest being left for future papers).
Other stellar sources related to massive stars included mainly RSGs (∼37%), other Blue
Supergiants (∼7%), and Yellow Supergiants (∼ 5%). There was a small number of emission
objects (∼2%), carbon stars (∼6%), and AGN/QSO and other background galaxies (∼4%),
while another bulk of sources were classified as H II regions (∼22%) and foreground sources
(∼14%). In Table 2 we present the identified objects. We note that, although the same
approach was followed for all 12 galaxies, we obtained null results for five of them: IC 10,
NGC 1313, Sextans A, M83, NGC 6822. In addition, there were only four objects (∼36%)
with previous spectral information, for which we confirmed or updated classification. It is
also interesting to note that ∼64% of these sources were considered priority targets in our
survey (Table 2, col. 4), while the rest failed to pass our selection criteria (see Section 2.2).
We further discuss these facts in Section 4.

Table 2. Properties of the sources identified in this work: source ID in this work (column 1), sky
coordinates (columns 2 and 3), priority target (column 4), source ID in Spitzer (base) catalog (column
5), SNR (column 6), spectral type from this work and literature (columns 7 and 8), and radial velocity
from this work (RV, column 9).

Name RA Dec Prio. ID 1 SNR 2 SpT Prev. SpT RV
(J2000) (J2000) (km s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

WLM-1 00:02:02.32 −15:27:43.81 Y 95 30 B[e]SG Fe star [78] −48 ± 10
NGC55-1 00:15:09.31 −39:12:41.62 Y 178 18 B[e]SG – 156 ± 31
NGC55-2 00:15:18.54 −39:13:12.32 N 736 46 LBVc LBVc/WN11 [79] 105 ± 38
NGC55-3 00:15:37.66 −39:13:48.68 N 2924 50 LBVc LBVc/WN11 [79] 202 ± 30
NGC247-1 00:47:02.17 −20:47:40.13 Y 246 26 B[e]SG B[e]SG [27] 217 ± 12
NGC247-2 00:47:03.91 −20:43:17.22 N 1192 44 LBVc – 114 ± 41
NGC253-1 00:47:04.90 −25:20:44.12 Y 739 3 B[e]SG – 283 ± 56
NGC300-1 00:55:27.93 −37:44:19.61 Y 67 44 B[e]SG – 58 ± 27
NGC300-2 00:55:19.17 −37:40:56.53 Y 389 9 B[e]SG – 121 ± 34
NGC3109-1 10:03:02.11 −26:08:58.06 Y 188 70 LBVc – 371 ± 29
NGC7793-1 23:57:43.28 −32:34:01.81 N 111 19 B[e]SG c – 317 ± 32

1 This ID corresponds to the Spitzer source numbering, as used throughout the ASSESS project (see Tramper et al.,
in prep., and Munoz-Sanchez et al., in prep., for the use with full catalogs). 2 Estimated by averaging the SNR
over the ranges 6000–6150Å and 6950–7100Å.
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3.2. Spectra

All spectra showed a strong, broadened Hα component, accompanied by several other
characteristic emission lines. We present their spectra in Figures 1 and 2, where the strength
of the Hα emission for all objects is highlighted in the right panel. The order of the spectra
(from top to bottom) was one of decreasing Hα strength.

Figure 1. Spectra of objects classified as B[e]SGs (including the B[e]SG candidate NGC7793-1). (Left)
The full spectra for all stars with small offsets for better illustration purposes. The most prominent
emission features are indicated. (Right) The region around Hα is highlighted to emphasize the relative
strength of the emission compared to the continuum.

Figure 2. Similar to Figure 1, but for LBVc. We note the lack of forbidden emission lines.

We identified a series of Fe II emission lines in the left wing of Hα (∼6200–6500 Å),
and, when the spectrum extended far enough to bluer wavelengths, we identified another
series ranging from roughly ∼5100–5400 Å. Figure 3 showcases these lines in a zoom-in
on the ∼6200–6500 Å region. We used the Fe II emission lines in this region to correct for
the radial velocity (RV) shift. The obtained RV values are shown in column 9 of Table 2.
Therefore, we verified that the RVs were in agreement with the motion of their host galaxies,
confirming that these stars were, indeed, of extragalactic origin.
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Figure 3. The region between the [O I] and Hα line, that showcases multiple Fe II emission lines. We
note the clear presence of [O I] λ6300 line for the B[e]SGs (left and middle panels, with the exception
of the candidate NGC7793-1, due to the problematic spectrum; see text for more) and its absence
from the LBVc spectra (right panel).

According to the classification criteria presented in Section 2.4, we robustly identified
6 sources as being B[e]SGs: WLM-1, NGC55-1, NGC247-1, NGC253-1, NGC300-1, and
NGC300-2. Figure 1 presents the full spectra for the B[e]SGs, while Figure 3 shows the
characteristic [O I] λ6300 line. It is particularly interesting to note the very strong He I

lines of NGC300-1. These emission lines require a hotter formation region, such as a
spherical or a bipolar shell formed by a strong stellar wind, in addition to the structures
that give rise to the forbidden emission features. We also note the absence of [Fe II]
lines for the WLM-1, NGC253-1, and NGC300-2 sources. Half of the sources (NGC55-
1, NGC247-1, NGC300-1) displayed strong [Ca II] emission lines, while for one source
(NGC253-1) they were very faint (limited by the noise), and were totally absent for two
of the sources (WLM-1, NGC300-2; see Figure 4). These lines were stronger in luminous
sources (e.g., [76,77]). The very low SNR for the NGC253-1 and NGC300-2 (see Table 2,
column 6) justified the lack of Fe and Ca lines. In the case of WLM-1, the SNR was
sufficiently good that the lack of forbidden Fe lines should be considered a real non-
detection (similar to source WLM 23 from [78]. We further discuss this in Section 4.2).
Unfortunately, due to overlapping slits in the mask design, some of these spectra suffered
from artifacts from the reduction processing (in particular, NGC300-2). Although the B[e]
phenomenon can also characterize other types of objects, we noticed a lack of dominant
emission lines, such as nebular lines ([N II] λλ6548, 6583, [S II] λλ6717, 6731, [Ar III] λ7135),
present in planetary nebulae (e.g., [80,81]), O VI Raman-scattered lines (λλ6830, 7088) of
symbiotic systems (e.g., [81,82]), or even the absorption lines of Li I 6708 present in young
stellar objects (e.g., [83]). Moreover, during the visual screening of all these spectra, objects
with such characteristic lines would be classified differently, as all possible objects were
considered. Additionally, at the distances we were looking at, we were mainly probing the
upper part of the Hertzsprung–Russell diagram, while their RVs were relatively compatible
(within their error margins) with those of their host galaxies. Our Gaia cleaning approach
removed the majority of the foreground sources (naturally, a small fraction remained
hidden in our target lists). Therefore, we consider these objects to be strong supergiant
candidates.
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Figure 4. The region around the [Ca II] emission doublet. Its presence is evident in some B[e]SGs
(left and middle panels, including NGC7793-1 candidate source, that suffers from data reduction
artifacts due to slit overlaps), while LBVc (right panel) do not typically exhibit these lines (except for
NGC55-3).

We characterized as LBVc the following 4 sources: NGC55-2, NGC55-3, NGC247-2,
and NGC3109-1 (see Figure 2). NGC55-2 was the hotter of all these sources as it was the
only LBVc with all He I lines in emission. NGC3109-1 displayed He I lines in absorption,
while the rest did not show any of these lines. During the outbursts the He I lines decrease
and vanish, as the temperature and the density (due to the expanding pseudo-photosphere)
drop significantly to allow for other lines to form. It is during these cooler states that Fe
lines become evident in LBVs. Depending on the conditions, forbidden emission lines may
form. This was the case with NGC55-3, which displayed the [Ca II] lines in emission, along
with a few [Fe II] lines. The other sources did not show any forbidden lines. Similar to the
B[e]SG spectra, there were unavoidable residuals and artifacts, due to the slit overlap and
reduction issues.

Of these cases, NGC7793-1 was the most extreme example5. The region at [O I] λ6300
was highly contaminated with a sky residual line from another source in the slit. Therefore,
we could not conclude whether this line existed or not. We noticed the presence of some
[Fe II] and the [Ca II] lines, but a B[e]SG or LBV classification solely from this spectrum
was not possible. However, additional information could be retrieved from photometry
(see Section 4.3), so that we could propose a B[e]SG candidate (B[e]SG c) classification for
NGC7793-1.

The final classification for each star is provided in column 7 of Table 2.

3.3. Light Curves and Variability

We collected variability information for all targets from both Pan-STARRS DR26 and
the VizieR7 services. We found four sources (WLM-1, NGC247-1, NGC274-2, and NGC3109-
1) with data in the Pan-STARRS DR2 release8 (with an approximate coverage between 2010
and 2014). We considered only values with psfQfPerfect>0.9 to select the best data. For
three sources (NGC55-2, NGC55-3, and NGC247-1) we found additional data in the catalog
of large-amplitude variables from Gaia DR2 (covering 2014 to 2016; [84]), and NGC3109-
1 had already been reported as a variable [85]. In Table 3 we summarize the collected
information for all sources and their corresponding magnitude differences (peak-to-peak)
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for all (5) Pan-STARRS filters, the two Gaia filters (for which we doubled the quoted values
in the catalog to match the Pan-STARRS definition of magnitude difference, and some
additional variability studies).

Table 3. Variability information for our sample (source IDs, column 1), as provided by Pan-STARRS
DR2 data (columns 2-6), Gaia (columns 7 and 8), and literature (column 9).

Name Pan-STARRS DR2 Gaia DR2 [84] Other
∆ g ∆ r ∆ i ∆ z ∆ y ∆BP ∆RP

(mag) (mag) (mag) (mag) (mag) (mag) (mag)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

WLM-1 0.13 0.20 0.25 0.22 0.50 – – –
NGC55-1 – – – – – – – –
NGC55-2 – – – – – 0.24 0.18 –
NGC55-3 – – – – – 0.24 0.18 –
NGC247-1 0.37 0.27 0.20 0.28 0.35 0.36 0.18 ∆V = 0.29 ± 0.09 [27]

∆g′ ∼ 0.1 [86]
NGC247-2 0.37 0.27 0.31 0.23 1.00 – – –
NGC253-1 * – – – – – – – –
NGC300-1 – – – – – – – –
NGC300-2 – – – – – – – –
NGC3109-1 0.12 0.26 0.43 0.37 0.49 – – ∆J = 0.08 [85]
NGC7793-1 – – – – – – – –

* Only three epochs of observations, so not considered.

In total, we found light curves for two B[e]SGs (WLM-1 and NGC247-1) and four
LBVc (NGC55-2, NGC55-3, NGC247-1, and NGC3109-1). We show the Pan-STARRS light
curves in Figure 5 and 6, where we plot the magnitude difference at each epoch with the
mean for the particular filter (indicated on the y-axis label). For the B[e]SGs we noticed a
(mean) variability of 0.25-0.3 mag, while for the LBVs it was slightly larger, at 0.3–0.44 mag.
There were no obvious trends in the B[e]SG light curves, while, in the case of NGC3109-1,
a dimming across all filters was observed. Menzies et al. [85] also detected such a trend,
although smaller, for this target, due to the different filters used. Limited by the photometric
data, they argued that a background galaxy or AGN was not excluded, but, given our
spectrum and its consistent RV value with its host galaxy, we could actually verify its stellar
nature. For NGC247-2, the light curves were generally flatter. There was a noticeable peak
present in the y light curve (at MJD∼56,300 days), which was not evident in the other filters
(although we note that there were no observations around the same epoch). The quality
flags corresponding to these particular points did not show any issue. However, we should
be cautious with this, as further mining of the data is needed to reveal if this is a real event
or an artifact.

NGC247-1 was the only source for which we had multiple sources of variability informa-
tion. Very good agreement between the Pan-STARRS and Gaia data is evident , and consistent
with the value quoted by Solovyeva et al. [27] (∆V = 0.29 ± 0.09 mag). Although Davidge [86]
quoted a smaller value (∆g′ ∼ 0.1 mag), their time coverage was limited to about 6 months, a
time frame that definitely does not cover the whole variability cycles for these sources.

Traditionally, LBVs are considered variable at many scales (e.g., [22,24,87,88]). The
(optical) S Dor variability is of the order of 0.1 mag to about 2.5 mag with cycles ranging
from years to decades. The giant eruptions, although much more energetic (∼5 mag) are less
frequent events (a time frame in the order of centuries), and, therefore, a smaller subgroup
of LBVs have been observed to display such events. On the other hand, the B[e]SGs
are considered more stable, with variability that does not exceed ∼0.2 mag (optical; [5]).
However, this is changing and significant variability is observed, due to binary interactions
and possible pulsations (e.g., [12,19,89]). Therefore, it is not surprising to observe similar
magnitude differences between the two classes.
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Figure 5. The light curves from the Pan-STARRS survey for the B[e]SGs WLM-1 and NGC247-1. Each
panel (per filter) shows the difference of each epoch from the mean value (noted on the y-axis label).
See text for more.

Figure 6. Same as Figure 5, but for the candidate LBVs NGC3109-1 and NGC247-2.
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4. Discussion
4.1. Demographics

As mentioned already in Section 3.1, we did not detect B[e]SGs or LBVs in the following
five (out of 12) galaxies: IC 10, NGC 1313 Sextans A, M83, NGC 6822.

M83 and NGC 1313 are the most distant galaxies (at 4.9 and 4.6 Mpc, respectively)
and confusion becomes an important issue (unsurprisingly, M83 is the galaxy for which we
detected the most H II regions; see Tramper et al., in prep.). Due to the spatial resolution
of Spitzer and the increasing distance of some of our target galaxies, H II regions or other
point-like objects (e.g., clusters) were included in the point-source catalogs and, therefore,
considered to be viable targets in our priority system. The farthest galaxies, for which the
majority of observed targets were, indeed, resolved point sources and at least one was
either an LBVc or a B[e]SG, were NGC 7793 and NGC 253 (at ∼3.4 Mpc). Therefore, the
null detections for IC 10 and NGC 6822 (less than 1 Mpc) and for Sextans A (at 1.34 Mpc)
were not due to distance and confusion.

Massey et al. [90] detected one LBV in NGC 6822 (J194503.77-145619.1) and three in
IC 10 (J002012.13+591848.0, J002016.48+591906.9, J002020.35+591837.6). Our inability to
recover these targets was due to two reasons. Firstly, we imposed strict criteria to prioritize
our target selection (see Section 2.2) based on relative strong IR luminosity and color.
Almost all of these targets (except for IC 10 J002020.35+591837.6) had m[4.5] > 15.5 mags,
which directly excluded them from further consideration. This was further supported by
the fact that four out of or our 11 discoveries initially did not pass as a priority target (see
Table 2), but were observed as “filler" stars (see Section 2.2). This was particularly important
for galaxies with smaller sizes, where only one (IC 10, Sextans A) or two pointings (NGC
6822) were performed. Therefore, the second reason was the limitations that arose from
the particular pointing(s) to the galaxy, as targets might have been located? out of the
field-of-view or at a sensor’s gap (which was the case for IC 10 J002020.35 + 591837.6),
and therefore not be observable. Other reasons (not corresponding to the aforementioned
targets) that could impact the selection of a target or render its spectrum useless include
overlapping slits, a poor wavelength calibration and/or SNR, or other reduction issues.

In the case of NGC 55, four LBVs (including two candidates) are known [79]. Two of
them (the candidates) were recovered from our survey (NGC55-2 and NGC55-3 as B_13 and
B_34, respectively) as LBVc (see Section 3.2). The other two (C1_30,00:14:59.91,-39:12:11.88
and A_42,0:16:09.69,-39:16:13.44) were sources outside the region investigated by Williams
and Bonanos [91], so without any Spitzer data to be included in our base catalogs.

In total, our approach was successful in detecting these populations, and it was mainly
limited by technical issues.

4.2. Comparison with Previous Classifications

Four of our sources had previous classifications (see Table 2). WLM-1 had been
identified as an Hα source previously [90], through a photometric survey, and identified
as an Fe line star through spectroscopic observations (WLM 23 in [78]). Even though the
presence of the [O I] λ6300 line was noted, the source was not classified as a B[e]SG, due
to the lack of forbidden Fe lines (see e.g., [20,21,92] on Fe stars). Therefore, we updated
its classification to a B[e]SG from an Fe star. We also noted that our spectrum (obtained
on November 2020) was very similar to theirs (obtained on December 2012), which might
indicate that the star was rather stable over this eight-year period (however, this should be
treated with caution due to the lack of systematic observations).

NGC55-2 and NGC55-3 had been identified as candidate LBV/WN11 (ids B_34 and
B_13, respectively), with both Balmer and He I lines in emission and with P-Cygni pro-
files [79]. Their spectra were within the 3800–5000 Å range and outside ours. However,
given that the diagnostic [O I] line was not present, we classified both of these sources as
LBVc, consistent with the previous results9.
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For NGC247-1 we provided a classification of B[e]SG, similar to what was suggested
by Solovyeva et al. [27]. We note here that their spectral coverage was∼4400–7400 Å which
overlapped with our observed range. Hence, we can also comment that no significant
differences existed between the two observations (October 2018 and December 2020 by
Solovyeva et al. [27] and our observations, respectively), although this time difference is
rather small with respect to the variability timescales for these sources [5,12,19].

Therefore, we confirmed the previous classifications for three out of four sources, leav-
ing us with 6 new B[e]SGs (including the reclassified Fe star and the candidate NGC7793-1)
and 2 LBVc. The majority (∼72%) of our findings are genuine discoveries and, as such,
contribute greatly to the pool of extragalactic B[e]SGs, in particular.

4.3. Separating the Two Classes with Photometry

The total numbers of B[e]SGs and LBVs (even including candidates) are definitely
small. Combined with the uncertainty pertaining to their roles in stellar evolution theory
(e.g., B[e]SGs are not predicted by any code) it is easy to grasp why we really need larger
samples and from different galactic environments, to fully understand these sources. Photo-
metric data are typically used to pinpoint interesting candidates. These kinds of diagnostics
exist mainly for IR, due to the presence of dust around these objects.

Bonanos et al. [93] found the B[e]SG, LBVs and RSGs to be among the most luminous
sources in the mid-IR, using a color-magnitude diagram (CMD) with a combination of
near-IR (2MASS) and mid-IR (Spitzer) J-[3.6] and [3.6]-[4.5] for the massive stars in the Large
Magellanic Cloud (with a similar work for the Small Magellanic Cloud presented in [94]).
In the most recent census of B[e]SGs, Kraus [7] presented color–color diagrams (CCD) to
highlight the separation between B[e]SGs and LBVs (see their Figure 5). Indeed, by using
the 2MASS near-IR colors H − K and J − H and mid-IR WISE W2-W4 and W1-W2 the two
classes are distinct. This is the result of the hot dust component in the B[e]SGs, (formed
in the denser disk/ring-like CSE closer to the star) which intensifies the near- and mid-IR
excesses, compared to the LBVs (which form dust further away as the wind mass-loss
and/or outburst material dissipates). Therefore, the location of a source in these diagrams
may be used to verify its nature. We attempted to replicate these aforementioned diagrams
by adding the new sources. However, one strong limitation was the lack of data for our
sample. For the mid-IR WISE [95] we found data for 5 (out of 11) sources (see Table 4).
Using the data for 21 stars (excepting LHA 120-S 111) provided in [7] we plot, in Figure 7,
the WISE colors for the MC sources and our 5 objects. We notice that, in general, the newly
discovered sources are almost consistent with the loci of the MC sources, with the exception
of NGC55-1. The new B[e]SG extend the W2-W4 color further to the red, while the LBVc
NGC55-3 extended the W1-W2 color to the blue. Errors were plotted in the cases where
they were available10. The errors provided for NGC55-1 were (numerically) small and
placed it within the locus of LBV. However, caution should be taken with WISE photometry,
as the resolution from W1 to W4 worsens significantly, and, combined with the distance of
our galaxies, the photometric measurements could be strongly affected by confusion due to
crowding (e.g., for both NGC 55 and NGC300 at ∼2 Mpc). Combined with the position
(and the uncertainty) of the LBVc NGC55-3, we might also be looking at a systematic offset
of these populations. Unfortunately, the points in this plot are too scarce to make a robust
examination of how the different galactic environments (e.g., metallicity, extinction effects)
affect the positions of these populations.

We were unable to construct the J-H vs. H-K CCD because of the lack of 2MASS data
for our sources (only for NGC3109-1 did data exist; 2MASS point source catalog; [96]), due to
the shallowness of the survey and the distances of our target galaxies. However, we were able
to acquire J photometry from the VHS DR5 for 5 of our sources (including NGC3109-1; [97]).
Equipped with both J and [3.6] photometry we plot, in Figure 7, the equivalent CMD plot
presented in [93], where the underlying MC objects were the same as in [7]. We notice excellent
agreement of all new sources to their corresponding classes.
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Once again we were hampered by a lack of data for our sample. We could remedy this
using the complete data from Spitzer and Gaia surveys (missing NGC253-1 from our sample
without Gaia data). In order to consider the MC sources, we used the Gaia DR3 [66,98] and
Spitzer data from the SAGE survey [93,94]. This time, we only lost two targets (CPD-69 463
and LHA 120-S 83 without Spitzer data), but were still left with 19 sources.

Table 4. Photometry in Gaia DR3 (columns 2–7), VHS DR5 (columns 8-13), Spitzer (columns 14–23),
and WISE (columns 24–31).

ID BP σBP RP σRP G ... W4 σW4
[mag] [mag] [mag] [mag] [mag] [mag] [mag]

(1) (2) (3) (4) (5) (6) ... (30) (31)

WLM-1 19.132 0.029 18.919 0.025 19.252 ... 8.278 −999
NGC55-1 19.797 0.053 19.199 0.045 19.552 ... 8.115 0.233
NGC55-2 18.620 0.018 18.332 0.024 18.691 ... −999 −999
NGC55-3 18.266 0.023 17.772 0.026 18.148 ... 9.091 −999
NGC247-1 18.602 0.036 18.341 0.028 18.723 ... −999 −999
NGC247-2 18.798 0.026 18.344 0.029 18.573 ... −999 −999
NGC300-1 18.557 0.013 17.784 0.013 18.323 ... 8.897 −999
NGC300-2 20.866 0.093 20.556 0.113 20.742 ... 9.013 −999
NGC3109-1 17.173 0.014 16.775 0.018 17.060 ... −999 −999
NGC7793-1 19.635 0.043 19.460 0.053 19.520 ... −999 −999

Note: The table is available in its entirety at the CDS.

Figure 7. (Left) The mid-IR WISE CCD for B[e]SGs and LBVs, including sources from the MCs
(after [7]) and our sample (for 5 out of 11 sources with WISE data). In general, the separation also
holds for the new sources, with the exception of NGC55-1 (see text for more). (Right) IR CMD
combining near-IR J-band (available for only five of our sources) with Spitzer [3.6]. We notice that, in
this case, the newly found sources are consistent with the positions of the MC sources.

In Figure 8 we present the optical (Gaia) CMD, plotting BP–RP vs. MG band. We notice
the lack of any correlation in the optical.

In Figure 8 we also present the mid-IR (Spitzer) CMD, plotting [3.6]–[4.5] vs. M[3.6]
band. The separation between the two classes becomes more evident in this case. The
presence of hotter dusty environments becomes more significant for B[e]SGs, as they
looked redder than LBVs (with a [3.6]–[4.5] range between 0.5 to 0.65 mag). They also
tend to be much more luminous in the [3.6] than the LBVs. We highlighted the position
of NGC7793-1 in this plot. Although, from its spectrum alone, we could not determine
a secure classification (due to issues with the obtained spectrum) it is located among the
B[e]SGs of our sample and of the MCs. Therefore, we considered it a candidate B[e]SG. A
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future spectrum is needed to verify the existence of the [O I] λ6300 line, similar to the rest
of the secure B[e]SGs in our sample.

We also tried to combine the optical and IR data in a CMD where we plot the [3.6]–[4.5]
vs. MG magnitude (Figure 9). The result was actually similar to the previous IR CMD
(as the x-axis did not change). In this case, the plot can be more helpful, as the LBVs are
populating the upper left part of the plot. Therefore, very bright optical sources with IR
color up to ∼0.5 mag were most probably LBVs, while sources with color > 0.5 mag would
be B[e]SG (at almost any G magnitude).

Figure 8. (Left) The optical (Gaia) CMD, plotting BP–RP vs. MG magnitude. We included all our
sample and the MC sources from [7] (except for two sources without a complete dataset in both Gaia
and Spitzer surveys). (Right) The mid-IR (Spitzer) CMD using the IR color [3.6]–[4.5] vs. M[4.5]. In this
case, there is a significant improvement in the separation between the two classes. The position of
NGC7793-1 favors a B[e]SG nature (see text for more).

Figure 9. Similar to Figure 8 but plotting the IR color [3.6]–[4.5] vs. the optical MG magnitude. Similar
to the IR CMD we saw relatively good separation between the two classes, with LBVs being brighter
in the optical and less dusty compared to the B[e]SGs.
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4.4. Metallicity Dependence of Populations

In this section, we examine the populations of the two classes as a function of metal-
licity. For this, we plot the cumulative distribution function with metallicity (Figure 10),
considering all detected and known objects in our sample of galaxies. Namely, the numbers
presented in Table 2, as well as the two LBVs in NGC55 [79], one in NGC 6822 and three in
IC 10 [90], resulting in 7 B[e]SGs (including the NGC7793-1 candidate) and 10 LBVs in our
sample of 12 galaxies.

Figure 10. The cumulative distribution function of the B[e]SGs and LBVs (including candidates) from
this work and the literature. We notice (for the first time) the presence of B[e]SGs in lower metallicity
environments and the fact that the two populations are not totally different (see text for more).

We notice the presence of B[e]SGs at metallicity as low as ∼0.14 Z� (WLM). The
current work is the first to detect these sources at such low metallicities. The population
of LBVs begins at ∼0.21 Z� (NGC 3109), and then increases steadily as we move towards
higher metallicities. B[e]SGs presents an important step (increase) around ∼0.4 Z�. In total,
the two populations do not look significantly different. We have to be cautious interpreting
this figure, however, due to the low number of statistics and completeness issues, as, for
example, depending on the angle under which we observe a galaxy, we may not be able to
fully observe its stellar content (e.g., NGC 253).

5. Conclusions

In this work, we report the detection of 6 secure B[e]SGs, 1 candidate B[e]SG, and 4 LBV
candidates sources, of which 6 B[e]SGs and 2 LBVs are new discoveries. They are based on
spectroscopic and photometric diagnostics, supplemented with RVs that are consistent with
their host galaxies. By inspecting the available IR (2MASS, WISE, Spitzer) and optical (Gaia)
CMDs we find that the new sources are totally consistent with the loci of these populations
from MCs. This adds further support regarding their natures. Building the cumulative
distribution function of both populations with metallicity we notice the presence of B[e]SGs
at environments with Z∼ 0.14 Z�, which increases the pool of extragalactic B[e]SGs and,
especially, at lower metallicities. This is particularly important in order to investigate (with
increased samples) these phases of massive stars. Since B[e]SGs and LBVs are among the
classes with the most important episodic and outburst activities they provide valuable
information on the role of episodic mass loss and insights into stellar evolution in general.
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SNR Signal to Noise Ratio
RSG Red Supergiant
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Notes
1 Lamers et al. [5] commented on a relative low variation of up to 0.2 mag, which was not the case in more recent studies, see

Section 3.3 for more details.
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3 https://www.inaoep.mx/~ydm/gtcmos/gtcmos.html accessed 1 September 2022—śee also [73].
4 IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of Universities for

Research in Astronomy (AURA) under cooperative agreement with the National Science Foundation.
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5 Features at λλ ∼5577, 5811 (step), 5846, 6855, and the region around the [Ca II] lines.
6 https://catalogs.mast.stsci.edu/panstarrs/.
7 http://vizier.cds.unistra.fr/.
8 There were only a couple of detections (epochs) for NGC253-1, which did not provide any meaningful information, and, therefore,

we did not consider them. A declination of about −25◦ was very close to the limit of the survey. All other galaxies with southern
declination than −30◦, i.e., NGC 55, NGC 300, and NGC 7793, were not visible.

9 As our observations were obtained from different epochs (October–December 2020) than those by Castro et al. [79] (November
2004) the spectra appearance might have changed, but there was no wavelength overlap to confirm this.

10 Only NGC55-1 had an error estimate in the W4 band, while the rest of the sources did not. For all other sources we could only
plot W1–W2 errors.
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Abstract: Massive stars expel large amounts of mass during their late evolutionary phases. We aim to
unveil the physical conditions within the warm molecular environments of B[e] supergiants (B[e]SGs)
and yellow hypergiants (YHGs), which are known to be embedded in circumstellar shells and disks.
We present K-band spectra of two B[e]SGs from the Large Magellanic Cloud and four Galactic YHGs.
The CO band emission detected from the B[e]SGs LHA 120-S 12 and LHA 120-S 134 suggests that
these stars are surrounded by stable rotating molecular rings. The spectra of the YHGs display a
rather diverse appearance. The objects 6 Cas and V509 Cas lack any molecular features. The star
[FMR2006] 15 displays blue-shifted CO bands in emission, which might be explained by a possible
close to pole-on oriented bipolar outflow. In contrast, HD 179821 shows blue-shifted CO bands in
absorption. While the star itself is too hot to form molecules in its outer atmosphere, we propose
that it might have experienced a recent outburst. We speculate that we currently can only see the
approaching part of the expelled matter because the star itself might still block the receding parts of a
(possibly) expanding gas shell.
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1. Introduction

The evolution of massive stars (Mini & 8 M�) bears many uncertainties, which render it
difficult to trace such objects from the cradle up to their spectacular explosion as supernova.
One major hindrance is the poorly constrained mass loss due to stellar winds that the
stars experience along the course of their evolution. Furthermore, the post-main sequence
evolution of massive stars encounters phases in which the stars lose a significant amount of
mass due to episodically enhanced mass loss or occasional mass eruptions, both of poorly
understood origin. The ejected mass can accumulate around the star in rings, shells, or
bipolar lobes, as seen in some B- or B[e]-type supergiants (e.g., Sher 25 [1,2], MWC 137 [3,4],
SBW1 [5]), yellow hypergiants (IRC+10 420 [6] and Hen 3-1379 [7]), many luminous blue
variables [8,9], and Wolf-Rayet stars [10–14].

Two groups of evolved massive stars are particularly interesting. These are the B[e]
supergiants (B[e]SGs) and the yellow hypergiants (YHGs). Both types of objects have dense
and warm circumstellar environments, and representatives of both classes of objects show
(at least occasionally) emission from hot molecular gas.

1.1. B[e] Supergiants

The group of B[e]SGs consists of luminous (log(L∗/L�) ≥ 4.0) post-main sequence
B-type emission line stars. Besides large-scale ejecta (with sizes of several pc) detected
in some B[e]SGs [3,9], all objects have intense winds and are surrounded by massive
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disks on small scales (up to ∼100 AU) [15–17], giving rise to the specific emission features
characterizing stars with the B[e] phenomenon [18]. These disks give shelter to a diversity
of molecular and dust species, and the near-infrared (NIR) is an ideal wavelength regime
to detect molecular emission features that, when resolved with high spectral resolution,
provide insight into the physical properties of the disks and reveal the disk dynamics.

The most commonly observed molecule is CO. The emission from its first-overtone
bands arises in the K-band around 2.3µm and has been detected in about 50% of the
B[e]SGs [19]. Besides the main isotope 12CO, emission from 13CO is seen in considerable
amounts [20,21], confirming that the matter from which the disks have formed contains
processed material that must have been released from the stellar surface [22].

Emission from the first-overtone bands of SiO, arising in the L-band around 4µm, has
been reported for some Galactic B[e]SGs [23]. SiO has a lower binding energy than CO. It
thus forms at distances farther away from the star than CO. The individual ro-vibrational
lines in both CO and SiO are kinematically broadened with a double-peaked profile, and
(quasi-)Keplerian rotation of the molecular gas around the central object has been suggested
as the most likely explanation to interpret the spectral appearance [17,23–28].

Observations of B[e]SGs in the NIR are sparse. But persistent CO band emission over
years and decades has been detected in numerous objects [21,29,30] and has been used as
one of the criteria to identify and classify stars as B[e]SGs in Local Group galaxies [31,32].
However, in a few cases, considerable variability in these emission features has been
reported as well. The most striking object is certainly the B[e]SG star LHA 115-S 65 in
the Small Magellanic Cloud (SMC), for which a sudden appearance of CO band emission
has been recorded [33]. The disk around this object is seen edge-on, and in addition to its
rotation around the central object, it also drifts outwards, very slowly and with a velocity
decreasing with distance from the star and reaching about zero [34]. This slowdown might
have resulted in a build-up of density in regions favorable for molecule condensation and
for excitation of the CO bands.

Furthermore, LHA 115-S 18 in the SMC showed no CO band emission back in
1987/1989 [35], whereas follow-up observations in November 1995 taken with a more
than three times higher resolution displayed intense CO bands [36], which were also seen
in the observations acquired in October 2009 [21].

In the spectrum of the Galactic B[e]SG MWC 349, intense CO band emission appeared
in the early 1980s [37]. It was still observable in 2013, but by then the CO gas had clearly
cooled and the emission intensity had significantly decreased, which has been interpreted
as due to expansion and dilution of the circumstellar disk [38]. Two more objects in the
Large Magellanic Cloud (LMC) displayed indications of CO band variability, most likely
related to inhomogeneities within the distribution of the molecular gas around the central
star. These are LHA 120-S 73 [24] and LHA 120-S 35 [27].

In the optical range, indications for emission from TiO molecular bands have been
found in six B[e]SGs [24,27,39,40]. All six objects reside in the Magellanic Clouds, and five
of them also have CO band emission1. No Galactic B[e]SG has been reported to date to
display TiO band emission [19].

1.2. Yellow Hypergiants

With temperatures in the range Teff ' 4000–8000 K and luminosities log(L/L�) spread-
ing from 5.2 to 5.8, the YHGs populate a rather narrow domain in the Hertzprung-Russel
(HR) diagram. The stars are in their post-red supergiant (post-RSG) evolutionary phase [41],
and their luminosities place them on evolutionary tracks of stars with initial masses in the
range Mini ' 20–40 M�. Evolutionary calculations of (rotating) stars in this mass range
have shown that these objects can indeed evolve back to the blue, hot side of the HR
diagram [42], whereas stars with lower initial mass just reach the RSG stage before they
explode as SNe of type II-P. Support for this theoretical scenario is provided by the lack of
high-mass (Mini ≥ 18 M�, i.e., with luminosities log L/L� > 5.1) RSG progenitors for this
type of supernovae [43,44].
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As post-RSGs, the YHGs might be expected to be embedded in envelopes, remnants
of the previous mass-losing activities during the RSG stage. However, surprisingly, so far,
only about half of the YHGs have been reported to have a dusty and/or cold molecular
envelope. These are the Galactic objects IRC +10420 [45–47], HR 5171A [48], HD 179821 [49]
and Hen 3-1379 [7,50], three YHGs in the LMC (HD 269953, HD 269723, HD 268757, [51]),
as well as Var A [52] and three more YHG candidates in the galaxy M33 [53].

A typical classification characteristic of YHGs is the occurrence of outbursts that can
be clearly discriminated from the more regular (cyclic) brightness variability due to stellar
pulsations. During such an outburst event, the star inflates, its brightness drastically
decreases, and the object seems to undergo a red loop evolution in the HR diagram.
Molecules such as TiO and CO can form in the cool, outer atmospheric layers, leading
to intense absorption structures in the optical and NIR, respectively, and the object’s
entire spectral appearance resembles that of a much later spectral type. The outbursts are
most likely connected with enhanced mass loss or mass eruptions from the star, which
might be connected to non-linear instabilities such as finite-time singularities or blow-
ups typically occurring in fluid dynamics [54] or to strange-mode instabilities [55,56] as
recent computations propose [57]. The duration of the outbursts can range from months to
decades before the star appears back at its real location in the HR diagram.

The bona-fide YHG, ρ Cas, experienced four documented outbursts during the past
80 years with variable duration (from weeks up to three years) and amplitude (0.29 to
1.69 mag), connected with significant changes in its spectral appearance [58–61], whereas
Var A in M33 presumably underwent an eruption around 1950 that lasted ∼45 years [52].
The object V509 Cas experienced mass-loss events in the seventies, during which the star’s
apparent temperature decreased significantly. Since then, the star has displayed a steady
increase in its effective temperature from ∼5000 K in 1973 to ∼8000 K in 2001 [62], and
since then it has stabilized at that temperature [63]. Furthermore, IRC +10420 changed its
spectral type from F8 to mid- to early A, connected with an increase in temperature over a
period of about 30 years with an average rate of ∼120 K per year [64,65]. The light curves
of other YHG candidates also display outburst activity in connection with variable mass
loss [51,53]. However, in many cases, the mass-loss episodes appear to be short, so that the
released material expands and dilutes without creating detectable large-scale circumstellar
envelopes [66].

Nevertheless, many YHGs are surrounded (or were for some period in the past) by
hot molecular gas traced by first-overtone CO band emission, suggesting that the objects
are embedded in a dense and hot environment. Whether the molecular gas is arranged in
a ring revolving around the object, as in the case of the B[e]SGs, is currently not known.
However, the CO band spectral features in YHGs seem to be much more variable than in
their hotter B[e]SG counterparts, especially because they often appear superimposed on
photospheric CO band absorption that forms during the expansion and cooling periods of
the long-term pulsation cycles, especially of the cooler YHGs, or during outburst events.
One such candidate with cyclic CO band variability is ρ Cas. During its pulsation cycles,
CO band emission appears when the star is hottest (maximum brightness) and most
compact, whereas CO bands are seen in absorption when the star is coolest (minimum
brightness) and most inflated [67]. It has been speculated that the appearance of CO
bands in emission might be related to propagating pulsation-driven shock waves in the
outer atmosphere of the star [67]. An alternative scenario would also be conceivable, in
which the CO emission could be permanent, arising from a circumstellar ring or shell and
being detectable only during phases in which no photospheric absorption compensates the
emission [60]. Support for the latter scenario is provided by the fact that the CO emission
features remain at constant radial velocities (along with other emission lines formed in the
circumstellar environment such as [Ca II] and Fe I, [60]) whereas the absorption components
change from red- to blue-shifted, in phase with the pulsation cycle.

The object ρ Cas is, to date, the best monitored YHG in the NIR. For many other YHGs
observations in the K-band have been taken only sporadically. Hence, not much can be
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said or concluded about the variability rhythm of their CO band features. Occasional CO
band emission has been reported for the galactic objects HD 179821 [68,69], V509 Cas [70],
[FMR2006] 15 [71], and the two LMC objects HD 269723 and HD 269953 [21,29]. The latter
even displays emission from hot water vapor and is, so far, the only evolved massive star
with such emission features from its environment [72].

1.3. Motivation and Aims

The appearance of CO band emission in the NIR spectra of B[e]SGs and YHGs suggests
that similar physical conditions may prevail in the circumstellar environments of both
groups of objects. In depth studies of these conditions are rare though.

For the B[e]SGs in the Magellanic Clouds CO, column densities, temperatures, and
12CO/13CO isotopic ratios were determined based on medium-resolution K-band spectra [21].
The resolution of these spectra was, however, too low to derive the gas kinematics with
high confidence. On the other hand, high-resolution K-band spectra of the Galactic B[e]SG
sample allowed to obtain the CO dynamics [17,73], whereas in most cases the spectral
coverage was too short to infer about the density and temperature of their hot molecular
environment.

The situation for the YHGs is even worse. Besides for ρ Cas [67] and for the LMC object
HD 269953 [21,72] no attempts have been undertaken so far to study their warm molecular
environments in more detail and to derive the parameters of the CO band emitting regions.

Therefore, we started to systematically observe both the B[e]SGs and the YHGs in the
Milky Way and Magellanic Clouds to fill this knowledge gap. A further motivation for
our research is provided by the location of the B[e]SGs with CO band emission in the HR
diagram. As has been mentioned previously for the Magellanic Clouds sample [19], these
objects cluster around luminosity values log L/L� ' 5.0–5.9, whereas B[e]SGs that are
more luminous than ∼5.9 or less luminous than ∼5.0 do not show CO band emission. The
same holds when inspecting the Galactic B[e]SGs. In the left panel of Figure 1 we depict
the LMC objects, whereas in the right panel we display the Galactic sample2 from [17,38].
The YHGs in the LMC [51] and the Milky Way [75] have been added to the plots3. Their
positions with maximum and minimum effective temperature values, as reported in the
literature, have been connected with dashed lines. Errors in temperature and luminosity
are indicated when provided by the corresponding studies.

Interestingly, the YHGs and the B[e]SGs with CO band emission share similar evolu-
tionary tracks, which is particularly evident for the Galactic objects. This raises the question
of whether evolved stars in this particular mass range suffer from specific instabilities in
the blue and yellow temperature regimes independent of their evolutionary state. Such
instabilities need to have the potential to drive mass ejections or eruptions, and the released
mass would have to be dense and cool enough to create the required conditions for the
formation of significant amounts of molecules generating intense band emission.
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Figure 1. HR diagram with evolutionary tracks for LMC (Z = 0.006, [76], left panel) and solar
(Z = 0.014, [42], right panel) metallicity for models of rotating stars (v/vcrit = 0.4) with initial
masses from 20–40 M�. Shown are the positions of LMC (blue symbols) and Galactic (red symbols)
objects. Only B[e]SGs with hot circumstellar molecular CO gas are shown. These populate similar
evolutionary tracks as the YHGs. The minimum and maximum temperature values (where known)
of the YHGs are connected by dashed lines. YHGs with reported (at least once) CO band emission
are shown with triangles. The stars of the current study are labeled.

1.4. Selection of Targets

For our current study, we have selected two B[e]SGs from the LMC. These are the
objects LHA 120-S 12 and LHA 120-S 134. Both are known to display CO band emission
(see, e.g., [21]), but both of them lack high-resolution K-band spectra to derive the CO
kinematics. Furthermore, we have selected four Galactic YHGs, [FMR2006] 15, HD 179821,
V509 Cas, and 6 Cas. Of these, only the former three objects were reported in the literature
to display (at some epochs) CO band emission. The basic stellar parameters of all objects,
as obtained from the literature, are listed in Table 1.

Table 1. Stellar parameters. Errors are given where available.

Object G Ks log Teff log L/L� Ref. d Ref.
[mag] [mag] [K] [kpc]

LHA 120-S 12 12.4 10.2 4.36 5.34± 0.04 [15] 49.6± 0.5 [77]
LHA 120-S 134 11.4 8.6 4.41 5.90± 0.06 [15] 49.6± 0.5 [77]

[FMR2006] 15 19.5 6.7 3.84 5.36± 0.15 [71] 6.6± 0.9 [71]
6 Cas — 3.4 3.93 5.13 [78] 2.8± 0.3 [79]
V509 Cas 5.0 1.7 3.90 5.60 [63,80] 1.4± 0.5 [62] a

HD 179821 7.5 4.7 3.83 5.30 [75,81] 5.3± 0.3 [81,82]
Note: The G and Ks-band magnitudes are from GAIA Early Data Release 3 [82] and from the 2MASS point source
catalog [83], respectively. The YHG effective temperatures refer to the hot state. No GAIA G-band measurement
is available for 6 Cas. a Listed distance is based on the HIPPARCOS parallax of 0.73± 0.25. The new GAIA Early
Data Release 3 parallax of 0.2507± 0.0633 [82] places the object at a distance of ∼4 kpc.

2. Observations and Data Reduction

High-resolution spectra (R ∼ 50,000) of the two B[e]SGs were acquired with the
visitor spectrograph Phoenix [84] mounted at GEMINI-South. The spectra were taken
on 20 December 2004 and 30 November 2017 under program IDs GS-2004B-Q-54 and GS-
2017B-Q-32. The observations were carried out in the K-band with two different filters,
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K4396 and K4308. The central wavelength was chosen such that the wavelength ranges
cover the first and second band heads of the first-overtone CO band emission.

Medium-resolution K-band spectra of the YHGs have been acquired with the Gemini
Near-InfraRed Spectrograph (GNIRS, [85,86]) at GEMINI-North under Program IDs GN-
2019A-Q-204, GN-2019B-Q-418, and GN-2021A-Q-315.

The spectrum of [FMR2006] 15 was observed on 12 May 2019 centered on λ = 2.35µm.
The instrument configuration was a short camera (0.15′′ per pixel) with the 0.3′′ slit and the
111 l mm−1 grating, resulting in a resolving power of R ∼ 5900.

V509 Cas and 6 Cas were observed on 21 December 2019 with the instrumental
configuration: Long camera (0.05′′ per pixel) with the 0.10′′ slit and the 32 l mm−1 grating
which provides a resolving power of R ∼ 5100. The observations were centered on
λ = 2.35µm.

HD 179821 was observed on 7 April 2021 with two different central wavelengths
λ = 2.14µm and 2.33µm and with the following instrument configuration: a short camera
(0.15′′ per pixel), the 0.3′′ slit, and the 111 l mm−1 grating, resulting in a resolving power of
R ∼ 5900.

For all objects, a telluric standard star (usually a late B-type main sequence star) was
observed close in time and airmass. For optimal sky subtraction, the star was positioned
at two different locations along the slit (A and B), and the observations were carried out in
ABBA cycles. Data reduction and telluric correction were performed using standard IRAF4

tasks. The reduction steps consist of subtraction of AB pairs, flat-fielding, wavelength
calibration (using the telluric lines), and telluric correction. The observing log is given in
Table 2, where we list the star name, object class, observing date (UT), used instrument,
covered wavelength range, spectral resolution R, and resulting signal-to-noise ratio (SNR).

Table 2. Observation log.

Object Class Obs Date Instrument λmin–λmax R SNR
[yyyy-mm-dd] [µm]

LHA 120-S 12 B[e]SG 2004-12-20 Phoenix 2.291–2.300 50,000 35
2017-11-30 Phoenix 2.319–2.330 50,000 20

LHA 120-S 134 B[e]SG 2017-11-30 Phoenix 2.290–2.299 50,000 40
2017-11-30 Phoenix 2.319–2.330 50,000 100

[FMR2006] 15 YHG 2019-05-12 GNIRS 2.257–2.440 5900 300
6 Cas YHG 2019-12-21 GNIRS 2.232–2.453 5100 100
V509 Cas YHG 2019-12-21 GNIRS 2.233–2.453 5100 140
HD 179821 YHG 2021-04-07 GNIRS 2.046–2.424 5900 250

3. Results
3.1. Description of the Spectra

CO band head emission is detected in both B[e]SGs (black lines in Figure 2) despite
the low quality of some of the spectral pieces and some telluric remnants in the red parts of
the short wavelength portions (left lower panels). The spectrum of LHA 120-S 134 contains
additional emission lines from the hydrogen Pfund series. Intense emission in these
recombination lines has already been reported from that star based on medium-resolution
spectra [21]. No contribution from the Pfund lines is seen in the spectra of LHA 120-S 12.
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Figure 2. Best fitting model (red) to the normalized Phoenix spectra (black) of LHA 120-S 12 (top)
and LHA 120-S 134 (bottom). For each star we display the entire fit to the total spectrum (top panels)
and the zoom to the band heads (bottom panels). Emission from the Pfund series (blue dashed line),
detected in the spectrum of LHA 120-S 134, is included in the total fit.

The K-band spectra of the YHGs display a diverse appearance, as depicted in Figure 3.
Two stars possess just Pfund lines in absorption (V509 Cas and 6 Cas) and an otherwise
featureless spectrum, in agreement with their high effective temperature (Teff ≥ 8000 K, see
Table 1). The star [FMR2006] 15 shows CO band emission overimposed on the atmospheric
spectrum of a presumably late-type star. In HD 179821 the CO bands and the Br γ line are in
absorption along with numerous other photospheric lines, whereas the Na I λλ2.206,2.209
doublet shows prominent emission.
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Figure 3. Normalized medium-resolution K-band spectra of the YHGs taken with GNIRS. For better
visualization, the spectra have been offset along the flux axis. Positions of the CO band heads and
of the lines from the Pfund series are marked by ticks. The lines of Brγ and of the Na I doublet are
labeled as well.

3.2. Modeling of the CO Band and Pfund Line Emission

We model the CO emission using our molecular disk code [87] that has been developed
to compute the ro-vibrational bands from a rotating ring (or disk) of circumstellar gas under
local thermodynamic equilibrium conditions. The calculations are carried out for the two
main isotopes, 12CO and 13CO [21,22].

The high-resolution spectra of the two B[e]SGs display kinematic broadening of the
individual ro-vibrational lines in the form of a double-peaked profile (Figure 2). Such a
profile can be interpreted either as rotation around the central object or as an equatorial
outflow. Since B[e]SGs are known to be surrounded by (quasi-)Keplerian rotating disks, the
assumption of rotation as the most likely broadening mechanism seems to be justified. The
situation for the YHG star [FMR2006] 15 is less clear. The medium-resolution spectrum pro-
vides no clear hint about a possible double-peaked shape of the individual lines. Therefore,
we can only derive an upper limit for a possible rotational (or outflow) contribution to the
total dynamics.

Due to the high sensitivity of the CO band intensity to the gas temperature and column
density, the observed emission traces the hottest and densest molecular regions. Therefore,
it is usually sufficient to consider a single ring of gas with constant density and temperature,
reducing the number of free parameters to the column density NCO, temperature TCO, the
isotope ratio 12CO/13CO, and the gas kinematics split into contributions of the rotation
velocity projected to the line of sight vrot,los, and of a combined thermal and turbulent
velocity in the form of a Gaussian component vGauss.

The best-fitting CO parameters obtained for the three objects are listed in Table 3,
and the total emission spectra are included (in red) in Figure 2 for the two B[e]SGs. It is
noteworthy that the two CO band heads of LHA 120-S 12 can be reproduced fairly well with
the same model parameters, despite the fact that the spectral pieces have been observed
13 years apart. This implies that the ring of CO gas around LHA 120-S 12 is stable on
longer timescales.
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Table 3. Best fitting CO parameters.

Object TCO NCO vrot,los vGauss
12CO/13CO

[K] [×1021 cm−2] [km s−1] [km s−1]

LHA 120-S 12 2800± 200 1.5± 0.2 27± 2 3± 1 20± 2
LHA 120-S 134 2300± 100 2.0± 0.1 30± 1 1.5± 0.5 15± 2

[FMR2006] 15 3000± 200 2.0± 0.2 20± 5 15± 5 4± 2
[FMR2006] 15 3000± 200 2.0± 0.2 0 20± 5 4± 2

Note: The 12CO/13CO values for LHA 120-S 12 and LHA 120-S 134 have been derived by [20,21], respectively.
Our Phoenix spectra do not reach the wavelength region of the 13CO bands.

The spectrum of LHA 120-S 134 displays emission from the hydrogen Pfund line series
superimposed on the CO band spectrum5. These Pfund lines appear to be broad with no
indication of a double-peaked profile shape. To include the contribution of these lines
to the total emission spectrum, we apply our code developed for the computation of the
hydrogen series according to Menzel case B recombination, assuming that the lines are
optically thin [87]. We fix the electron temperature at 10,000 K, which is a reasonable value
for ionized gas around an OB supergiant star and, using a Gaussian profile, we obtain
a velocity of 53± 3 km s−1. Similar velocity values for the lines from the Pfund series
have been found for various B[e]SGs (see [20,21,26]). These rather low values compared
with the wind velocities of classical B supergiants might suggest that the Pfund lines form
in a wind emanating from the surface of the ionized part of the circumstellar disk. The
electron density can be derived from the maximum number of the Pfund series visible in
the spectrum. For LHA 120-S 134, this number corresponds to the line Pf(57), resulting in
an electron density of (5.8± 0.5)× 1012 cm−3 within the Pfund line forming region. Having
the parameters for the Pfund emission fixed, we compute the contribution of the Pfund
series to the total emission spectrum of LHA 120-S 134. This contribution is shown in blue
in Figure 2.

The best-fitting CO model for the YHG [FMR2006] 15 is depicted in Figure 4 (top).
It should be noted that the contribution of the rotation (respectively outflow) component
should be considered an upper limit. A double-peaked profile corresponding to such a
velocity might be hidden within the CO band structure. Only high-resolution observations
will tell whether such a profile component is really included. We found that a model
omitting this velocity component and using instead just a single Gaussian profile (added
to Table 3) results in a similar but slightly less satisfactory fit because the intensity of
many individual ro-vibrational lines is overestimated in the short wavelength domain
(Figure 4, bottom).

Figure 4. Best fitting model (red) to the observed (black) K-band spectrum of [FMR2006] 15 for the
model including a rotational component (top) and a pure Gaussian broadening (bottom).
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The rotation velocity of the CO gas allows us to estimate the distances of the CO-
emitting rings from the central object. For this, we need to know the current stellar masses.
Considering the stellar effective temperatures, luminosities (from Table 1), and the carbon
isotope ratios (from Table 3), we search for the best matching evolutionary models for each
of our targets utilizing the stellar evolution track interpolation tool SYCLIST6. To reproduce
the observed carbon isotope ratios, we vary the initial stellar rotation rate between zero
and the maximum offered value of 0.4 and select those evolutionary tracks that fit both
the stellar location in the HRD and the carbon isotope ratio. The metallicities used are
0.006 for the LMC objects and 0.014 for the Galactic star. Table 4 lists the stellar radii of
our targets along with the most likely initial masses, initial rotation rate, and the resulting
current masses. We note that according to these evolutionary tracks, the B[e]SGs seem to
have evolved just off the main sequence, whereas the low carbon isotope ratio measured
in [FMR2006] 15 clearly places this object on the post-RSG path. For the reason that no
proper values for the disk inclination angles are known, we provide the distances of the
CO-emitting rings as a function of the inclination angle. These are lower limits to the real
distances. We refrain from adding a distance of the CO emitting region for [FMR2006] 15
because of the speculative nature of its rotation component.

Table 4. Estimated current stellar masses and distances of the CO emitting rings from the star.

Object R∗ Min v/vcrit M∗ rCO/(sin i)2 rCO/(sin i)2

[R�] [M�] [km s−1] [M�] [cm] [R∗]

LHA 120-S 12 30 26 0.25 25 4.6× 1014 218.0
LHA 120-S 134 44 45 0.36 40 5.9× 1014 192.7

[FMR2006] 15 333 25 0.40 13 — —

4. Discussion

We have detected CO band emission in three objects and CO band absorption in
one object in our sample. To assess a possible CO variability, we summarize in Table 5
information about previous detections of CO band features in the K-band from the literature,
including our results.

The number of observations in the K-band over the last 3–4 decades is sparse for all
objects, but the two B[e]SGs continuously display emission over a time interval of 32 years.
The diversity in spectral resolution used for the observations makes it difficult to compare
the shape and intensity of the emission bands and, hence, to judge variability. Only for
LHA 120-S 12, we can say that no significant variability seems to have taken place between
our observations acquired in 2004 and in 2017.

For the YHGs, the situation is different. Three of them clearly show variability in
their CO bands, ranging from emission over complete disappearance to absorption (or a
combination of emission and absorption). The changes are on time scales ranging from
months to years. The exception is 6 Cas, which has not been reported previously to have
CO bands, and our own observations taken 25 years later also lack any CO band features.

In the following, we briefly describe the known characteristics of each of our targets
with respect to stellar variability and the properties of the circumstellar environments in
order to incorporate our new observational results.
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Table 5. CO band detection in the K-band and CO variability.

Object Obs Date R CO Bands Ref.

LHA 120-S 12 1985-12-28 450 em [29]
2004-12-17 50,000 em TW
2009-10-14 4500 em [20,21]
2017-11-30 50,000 em TW

LHA 120-S 134 1985-12-29 450 em [29]
2009-11-10 4500 em [21]
2017-11-30 50,000 em TW

[FMR2006] 15 2005-09-15 1000 weak abs [88]
2006-05-05 17,000 em [71]
2006-08-12 17,000 none [71]
2019-05-12 5900 em TW

6 Cas 1996-08-31 1800 none [89]
2019-12-21 5100 none TW

V509 Cas 1979-1980 32,000 em + abs (variable) [70]
1988 N.A. none [67]

2003-11-20 300 none [67]
2004-10-30 300 none [67]
2019-12-21 5100 none TW

HD 179821 1989-07-14 1600 em [69]
1990-09-26 760 em [68]
1991-11-04 330 em [68]

1992 August N.A. none [69]
1997-04-19 1800 none [89]
2000-10-18 N.A. none [67]
2021-04-07 5900 abs TW

Note: em = emission; abs = absorption; TW = this work; N.A. = no information available.

LHA 120-S 12 (=SK−67 23)

The object LHA 120-S 12 was first mentioned in the catalog of Hα-emission stars in
the Magellanic Clouds [90]. Follow-up observations recorded an intense IR excess due to
hot dust [91]. The two-component wind associated with the star led to its classification as
B[e]SG [15], and the high degree of intrinsic polarization suggested a high, but not fully
edge-on, viewing angle towards the object and its dusty disk [92]. Shell-line profiles were
seen in the NIR, consistent with the high inclination angle of the system [21]. Observations
with the Spitzer Space Telescope revealed silicate dust within the circumstellar disk, based
on weak features in the star’s mid-IR spectrum, but no IR nebulosity has been detected in
association with the object [93].

The first detection of CO band emission from LHA 120-S 12 was in 1985 based on a low-
resolution K-band spectrum [29]. This spectrum clearly depicted four first-overtone band
heads, similar to the observations collected in 2009. Modeling of the latter [20] resulted in
similar parameters for the CO temperature and column density to those we found from
the high-resolution spectra taken before (2004) and afterwards (2017). Moreover, we see
no changes in the rotation velocity, projected to the line of sight, within the time span of
13 years between our two observations. Therefore, we believe that the CO-emitting ring
revolving around LHA 120-S 12 is rather stable, with no detectable outflow or inflow.

A similar (projected) rotation velocity to that for CO can be inferred from the double-
peaked profiles of the [CaII] lines resolved in high-resolution optical spectra of LHA 120-S
12 [94], although a Gaussian component with a higher value might be necessary to smooth
out the sharp synthetic double-peaked rotation profile in order to reproduce the shape of
the observed forbidden lines.
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LHA 120-S 134 (=HD 38489, SK−69 259, MWC 126)

The object LHA 120-S 134 was listed in the catalog of B and A-type stars with bright
hydrogen lines published in 1933 [95] under the Mount Wilson Catalogue (MWC) num-
ber 126 with classification as Beq. Its hybrid spectra with narrow (equivalent widths
of 30–50 km s−1) emission lines of neutral and low-ionized metals in the optical spec-
tral range [15] and very broad P Cygni profiles (implying a wind terminal velocity of
∼2300 km s−1) of high-ionized metals in the ultraviolet [96], along with the detected intense
IR excess emission characteristic of hot circumstellar dust [91], resulted in the classification
of the star as B[e]SG. A small inclination angle has been proposed for LHA 120-S 134 [15],
and the relatively low measured degree of polarization supports a close to pole-on orienta-
tion of the star plus disk system [92].

LHA 120-S 134 is one of only two B[e]SGs showing broad emission from He II λ4686 [15].
The other object is LHA 115-S 18 in the SMC, which displays this (time variable) He II line
in emission in concert with Raman-scattered O VI emission and TiO molecular emission fea-
tures [40]. While for LHA 115-S 18, it was proposed that the peculiar spectral characteristics
might point towards an LBV-like status of the star [40], a possible Wolf-Rayet companion
was postulated to explain the spectral features of LHA 120-S 134 [97]. Although a solid
proof for a Wolf-Rayet companion is still missing, LHA 120-S 134 has appeared since then
in the catalog of LMC Wolf-Rayet stars (WR 146).

The mid-IR spectrum of LHA 120-S 134, obtained with the Spitzer Space Telescope, shows
intense 10µm and weak 20µm emission features of amorphous silicate dust, and a faint
and wispy nebulosity around the IR bright star was found with the telescope’s imaging
facilities [93]. Follow-up optical imaging revealed that LHA 120-S 134 is located on the
northeast rim of the superbubble of DEM L269 and on the western rim of the H II region
SGS LMC-2 [98]. Therefore, it is unclear if and how much of the optical and IR nebulosity
might be related to LHA 120-S 134 itself.

In the NIR regime, the first mention of CO first-overtone emission dates back to 1985,
when the star was observed with low-resolution [29]. The next K-band spectrum was taken
only 24 years later (see Table 5). The new spectrum had higher spectral resolution, but
the CO bands appeared to be similar to the previous detection. Our new, high-resolution
spectrum was acquired after another time gap of 8 years. Our modeling of the band
spectrum revealed basically the same CO parameters (temperature and column density)
as in 2009, with one addition, the projected rotational velocity. As for LHA 120-S 12, this
velocity is comparable to the one that might be inferred from the [Ca II] lines [94], and we
may conclude that also LHA 120-S 134 is surrounded by a stable, rotating ring of atomic
and molecular gas.

[FMR2006] 15 (=2MASS J18375778-0652320)

The star [FMR2006] 15 was recorded as object number 15 in a survey of the cool
supergiant population of the massive young star cluster RSGC1 [88]. Based on the weak
CO absorption detected in its K-band spectrum, a spectral type of G6 I was allocated. In a
follow-up investigation, it was proposed that [FMR2006] 15 is most likely a YHG, based
on the star’s luminosity and spectral similarity to ρ Cas [71]. The star was assigned an
effective temperature of 6850± 350 K and a luminosity of log L/L� = 5.36+0.14

−0.16. With this
temperature, the spectral type of [FMR2006] 15 is more likely G0 (±2 subtypes), and the
luminosity implies that the star lies with about Mini ∼ 25 M� in the lower mass range of
stars developing into YHGs (see Figure 1). This relatively low initial mass was considered
to be the reason for the lack of detectable intense IR excess emission and of maser emission
in contrast to the high-mass YHGs such as, e.g., IRC +10420 [71].

The first low-resolution K-band spectrum of [FMR2006] 15 was taken in Septem-
ber 2005. At that time, very weak CO band absorption was seen [88]. Soon thereafter,
the object was re-observed twice with considerably higher spectral resolution. In May
2006, the spectrum displayed CO band emission and in August 2006, the emission had
disappeared [71]. Our detection of intense CO band emission 13 years later is a clear in-

246



Galaxies 2023, 11, 76

dication that [FMR2006] 15 is embedded in circumstellar matter, even if the molecular
gas is with 3000 K much too hot for the condensation of dust grains. When modeling the
CO bands from [FMR2006] 15, we noticed that the CO emission displays a blue-shift of
−77 km s−1 with respect to the atmospheric absorption line spectrum. A similar behavior
has been seen in IRC +10420. This star displays blue-shifted emission in its IR hydrogen
recombination lines [99] and in its CO rotational transitions [45], which has been inter-
preted as emission formed in a close to pole-on seen bipolar outflow with the central star
eclipsing the receding part of the emission. The outflow velocity from IRC +10420 has been
measured to be on the order of ∼40 km s−1, which is about half the value we measure for
[FMR2006] 15. To date, nothing is known about a possible orientation of [FMR2006] 15, but
we might speculate that a similar scenario as for IRC +10420 might hold for that object as
well. In such a case, we would expect to have a Gaussian-like distribution of the velocity
(see bottom model in Figure 4).

On the other hand, if we consider the contribution from the rotation as real, the blue-
shifted CO gas might revolve around a hidden companion, as in the case of the YHG
HD 269953 in the LMC [51]. In this object, the companion was proposed to be surrounded
by a gaseous disk traced by numerous emission lines that display a time-variable radial
velocity offset with respect to the photospheric lines of the YHG star. If [FMR2006] 15 is
indeed a binary system, time-resolved K-band observations would be essential to derive
the orbital parameters and to characterize the hidden companion.

The best-fitting CO model has been subtracted from the K-band spectrum of [FMR2006] 15,
and the residual is shown in Figure 5. Also included in this plot is a synthetic spectrum
of a cool supergiant star with Teff = 6800 K and log g = 1.5, similar to the values derived
for [FMR2006] 15 [71]. This spectrum has been computed with the spectrum synthesis
code Turbospectrum using MARCS atmospheric models [100]. We note that the main
photospheric features are decently well represented by this model. The short wavelength
coverage of our spectrum and a possible alteration of the intrinsic stellar spectrum caused
by the absorbing circumstellar gas impede a more decent classification of the object.

Figure 5. Residual spectrum of [FMR2006] 15 after subtraction of the blue-shifted CO band emission.
For illustration purposes, a synthetic model spectrum of a cool supergiant is shown as well (shifted
down along the flux axis for better visualization) with parameters similar to those determined for
[FMR2006] 15.

6 Cas (=V566 Cas, HR 9018, HD 223385)

The object 6 Cas was reported to be a spectroscopic binary based on its composite
spectrum in the ultraviolet [101]. While the main component is traced by the resonance lines
of low-ionized metals with terminal wind velocities of about 330 km s−1, typical for A-type
supergiants, the high-ionized resonance lines with P Cygni profiles and terminal wind
velocities of about 2400 km s−1 can be assigned to a significantly hotter O-type companion.

247



Galaxies 2023, 11, 76

Disentangling the spectra in the optical, to which the O star only very weakly contributes,
resulted in the classification of the system as a A3 Ia (A) and a O9.5 II (B) component [79].
The positions of the two stars are separated by about 1.′′5 at a position angle of ∼195◦.
Whether these two stars form indeed a bound binary system or whether they are just close
in projection could not be solved yet. The small radial velocity variations detected for the A
supergiant seem to be due to pulsations rather than orbital motion in a binary system [79].

The Hα profile of 6 Cas resembles those seen in other hypergiants, such as HD 33579
and Schulte 12. It is superimposed on broad electron scattering wings [102]. Discrete
absorption components (DACs) traveling through the broad absorption components of
the wind profiles of H and Fe II lines were detected in 6 Cas [103]. Based on the atyp-
ical characteristics of a regular A-type supergiant, the star was assigned the status of
a hypergiant.

We are aware of only one former K-band spectrum of 6 Cas, which has been taken
with the ISO-SWS instrument [89]. This spectrum shows no indication of CO bands, just
the lines of the Pfund series in absorption, similar to our spectrum (Figure 3). Such an
otherwise featureless spectrum is consistent with a hot (Teff > 8000 K) star, in agreement
with its previous classification (see Table 1).

V509 Cas (=HR 8752, HD 217476)

The star V509 Cas is one of the YHGs for which an outburst was recorded based on
combined photometric and spectroscopic monitoring of the star [62]. This outburst must
have taken place around 1973, after a preceding 16-year-long period of reddening and
cooling of the object from about 5000 K down to about 4000 K [104]. Thereafter, the effective
temperature of the star gradually increased until it reached a value of about 8000 K around
2001 [62], where it has stabilized since then [63]. During the “heating” period, several
short-term drops in temperature were recorded, which were associated with phases of
enhanced mass loss [62].

Despite the outburst and the multiple mass-loss events, no extended nebulosity was
detected at optical wavelengths so far [66]. Nevertheless, the star must be embedded in an
ionized circumstellar envelope traced by thermal emission at radio wavelengths [105,106].
The ionization of this envelope is most likely performed by the radiation field of a distant,
hot main-sequence B1-type companion [107]. The envelope is also the place where other
emission lines are formed. Most prominent are the nebular lines of [N II] λλ 6548,6583 [108],
but also those of [O I] λλ 6300,6364 and [Ca II] λλ 7291,7324 were identified [63], which
were proposed to trace a possible Keplerian disk or ring based on the double-peaked
profiles, particularly of the [Ca II] lines, for which a rotation velocity, projected to the line of
sight, of about 40 km s−1 was derived [109]. Support for such an interpretation comes from
an optical spectroscopic monitoring of V509 Cas between 2015 and 2022. The observations
revealed that the [Ca II] lines are stable in position and shape over the observing period of
∼7 years, in contrast to the photospheric absorption lines, whose shape and radial velocity
are strongly influenced by the pulsation activity of the star [110].

In the NIR, observations dating back to 1979–1980 detected CO features displaying
both emission and absorption components with variable strength (see Table 5, [70]). Com-
parison with the brightness curve revealed that the CO emission was strongest when the
star was around maximum brightness [67]. Furthermore, the CO emission appeared at
the stellar systemic velocity, whereas the absorption was either blue- or red-shifted. This
behavior is very similar to what has been observed for the YHG star ρ Cas [67]. Since
about 1988, the CO features have disappeared from the NIR spectra of V509 Cas, and our
spectrum also shows no traces of molecular emission. The absorption lines of the hydrogen
Pfund series seen in our otherwise featureless K-band spectrum are in agreement with a
stellar temperature of about 8000 K.
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HD 179821 (=RAFGL 2343, IRAS 19114+0002, V1427 Aql)

The star is embedded within a detached, almost spherical shell of cold (120–140 K)
dust [49] responsible for an intense far-IR excess emission [111]. In the radio regime, CO
(J = 1 −→ 0) emission has been detected, which traces a cold molecular outflow with a
velocity of ∼33–35 km s−1 [112]. The object is oxygen-rich, as is inferred from its OH maser
emission [113].

The evolutionary state of the star is highly debated in the literature due to its uncertain
distance value. Distance estimates range from about 1.5 kpc to about 6 kpc, which would
classify the star as either a post-asymptotic giant branch star or a YHG. Considering the
newest parallax measurements of 0.1893± 0.0206 provided by the GAIA Early Data Release
3 [82], a distance closer to the upper value seems to be more likely. Such a high value is also
in agreement with the star’s kinematic distance derived from its large heliocentric systemic
velocity of 84–88 km s−1 [81,112,113].

The spectral classification of HD 179821 has been rather controversial as well in the
past decades ranging from F3–5 [81,114,115], over G5 [116] to K4 [117]. The value for log g,
derived from high-resolution spectroscopy, ranges around 0.5± 0.5. Such a low log g value
assigns the star a luminosity class I.

Extinction values obtained for HD 179821 range from AV = 2.0 [116] over 3.1 [118]
to ∼4 [115], and it has been suggested that the total extinction might be variable due to
possible changes in the circumstellar contribution from the dust shell [119].

In a recent work, data from long-term photometric and spectroscopic monitoring have
been presented [120]. The colors imply that the star first became bluer between 1990 and
1995 and has displayed a systematic reddening since 2002. The fastest change in color took
place between 2013 and 2017, with a simultaneous brightening of the star. The spectra con-
firm this trend and record a more or less stable temperature of Teff = 6800± 100 K between
1994 and 2008, in agreement with previous temperature determinations 7 [81,114,115,120].
Since then, it decreased and reached a value of about 5900 K in 2017 [120]. The reddening
and change in temperature indicate the onset of a possible new red loop evolution of
HD 179821, i.e., an excursion to the cool edge of the HR diagram, related to a significant
increase in the stellar radius and an increase in mass loss.

In the NIR, HD 179821 displayed CO-band emission, during observations taken
between 1989 and 1991 (see Table 5), whereas no indication for CO band features (neither
emission nor absorption) was seen between 1992 and 2000. The presence and disappearance
of CO band emission might indicate a prior phase of higher mass loss or some mass ejection
episode followed by the subsequent expansion and dilution of the released circumstellar
material. Such a scenario might be supported by the redder color of the star around
1990 [120]. The absence of CO bands in the spectra between 1992 and 2000 supports the
classification of the star as early to mid F-type, because stars in this temperature range are
too hot for the formation of molecules in their atmospheres.

In contrast to all previous NIR observations, our data from 2021 clearly display
CO band absorption. One possible explanation could be that the trend of cooling has
continued since 2017. When comparing our observed spectra with synthetic spectra,
we found that the intensity of the first band head of CO can be achieved for a stellar
effective temperature of ∼5400 K (see Figure 6), although the entire CO band structure
signals a considerably cooler temperature for the molecular gas due to the only weakly
pronounced higher band heads. Hotter stars display less intense and cooler stars
more intense CO bands. However, a star with a temperature of 5400 K should show
significantly stronger absorption in all other atomic photospheric lines, which is not
the case. Instead, the intensity and specific line ratios in the K-band spectrum are more
in line with an effective temperature of about 6600 K. But such a hot stellar photosphere
contains no CO molecular absorption features (Figure 6). Based on this discrepancy, we
believe that our K-band spectrum is composite. It shows a hotter stellar photosphere
along with CO absorption formed in a presumably cooler gas shell or outflow. Support
for such a scenario is provided by the fact that the CO absorption bands display a
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blue-shift of about −43± 1 km s−1 with respect to all other photospheric atomic lines
and the circumstellar emission lines, such as the Na I doublet. If interpreted as outflow
velocity, then this value is comparable to the outflow seen in IRC +10420 [45,99] but
is slightly higher than the isotropic expanding cold molecular gas and dust shell
around HD 179821 (∼35 km s−1, [112,122]). We exclude a cool binary component as an
explanation for the velocity-shifted CO absorption bands because, in this case, the cool
companion would imprint (besides CO) significantly stronger blue-shifted absorption
lines onto the K-band spectrum, which are not observed. If the proposed scenario of a
new outflowing shell or gas layer is correct, possibly initiated during the reddening
of the star and the increase in stellar radius recorded in the years 2014–2017 [120],
or a possible outburst event that might have followed this reddening as in the case
of V509 Cas (as we mentioned before, see [62,104]), then we may speculate that with
further expansion of this matter, future K-band observations will display CO bands in
emission before the material dilutes and the CO features might disappear again.

Besides CO, our spectrum of HD 179821 also shows Br γ in absorption and intense
emission of the NaI doublet. The line of Br γ was in absorption in previous observations
taken in 1989 [69] and 1990 [68]. The latter spectrum also displays intense emission of the
(blended) NaI doublet, as well as the spectrum taken in 2000 [67]. The remaining previous
spectra either do not cover the spectral region of Br γ and/or the NaI doublet, or these lines
have not been mentioned by the corresponding authors.

Figure 6. Comparison of the K-band spectrum of HD 179821 (top) with synthetic spectra for effective
temperatures of 5400 K (middle) and 6600 K (bottom). For illustration purposes, the synthetic model
spectra are included in this figure and shifted down along the flux axis for better visualization.

Na I emission is a clear indicator for circumstellar material. It has been reported
from the NIR spectra of numerous evolved massive stars: (i) the YHGs ρ Cas, V509 Cas,
Hen 3-1379 (the Fried Egg Nebula), IRC +10420 [70,123], and the IRC +10420 analog
IRAS 18357-0604 [124], (ii) most of the B[e]SGs [21,29,125], and (iii) also many luminous
blue variables [21,53]. The equivalent widths of the intense Na I lines from the YHG
IRC +10420 [6] are about three times higher than for HD 179821, for which we measured
values of −1.0670± 0.015 Å and −0.9231± 0.018 Å. Recent spatially resolved observations
revealed that the Na I emission in IRC +10420 and Hen 3-1379 is confined within a com-
pact spherical envelope around the star [50,123]. The emission lines in our spectrum are
symmetric, and their wavelengths coincide with the systemic velocity of the star. While
their formation region can be a compact spherical shell as well, they cannot be related to
the possible new blue-shifted outflow traced by the CO band absorption.

5. Conclusions

We present new medium- and high-resolution K-band spectra for two B[e]SGs and
four YHGs. The spectra of both B[e]SGs show rotationally broadened CO band emission,
from which we could derive, for the first time, the projected rotation velocity of the CO
gas for both stars. On the other hand, our model parameters for the CO temperature and
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column density are very similar to those reported in previous studies based on spectra with
significantly lower resolution [20,21]. The similarities of the detected CO band features
over more than 30 years suggest that the CO emitting gas rings around these two B[e]SGs
are stable structures, neatly fitting to the findings of most of the B[e]SGs.

With respect to the YHGs, we detect CO band emission from only one star, the highly
reddened cluster member [FMR2006] 15, which previously showed time-variable CO
features (see Table 5), and which has an effective temperature that is clearly too high
to form molecules within its atmosphere. Consequently, the CO emission must be of
circumstellar origin. A second object, HD 179821, shows CO bands in absorption, while
it had CO emission during 1989–1991 but lacked any CO features in its spectrum since
1992 (Table 5). The latter is consistent with the star’s high effective temperature, which
prevents the formation of molecules. For both YHGs, our detected CO features are clearly
blue-shifted with respect to the photospheric absorption lines, suggesting that both stars
most likely had recent mass ejection events and the CO emission/absorption forms within
the expelled matter. For [FMR2006] 15, we propose that the blue-shifted emission arises in
a possible pole-on seen bipolar outflow as in the case of the YHG star IRC +10420 [6], but
nothing can be said yet about the geometry of the outflow seen from HD 179821 because the
(highly inflated) star itself might still block large portions of the possibly receding parts of
the ejecta.
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Abbreviations
The following abbreviations are used in this manuscript:

B[e]SG B[e] supergiant
NIR Near infrared
LMC Large Magellanic Cloud
SMC Small Magellanic Cloud
YHG Yellow hypergiant

Notes
1 The sixth object is LHA 120-S 111. To our knowledge, it has been observed in the K-band only once, in January 1987 [29]. At that

time, no CO band emission was detected.
2 We excluded two Galactic B[e]SGs from this plot. With a literature luminosity value of log L/L� = 4.33± 0.09 [74], the luminosity

of HD 62623 is considerably lower than for the other B[e]SGs with CO bands. However, its distance with a parallax value of
0.59± 0.17 is not well constrained. The object HD 327083 turned out to be misclassified and has been removed from the B[e]SGs
list (Cidale et al., in preparation).

3 We omit the SMC objects, because we do not have new data for any of the SMC B[e]SGs, and there are currently no confirmed
YHGs in the SMC.

4 IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under cooperative agreement with the National Science Foundation.

5 Pfund line emission is also reported from LHA 120-S 12 [20], but in that star the maximum detected Pfund transition is with
Pf(31) arising at 2.34µm clearly outside our spectral coverage.

6 https://www.unige.ch/sciences/astro/evolution/en/database/syclist/ (accessed on 1 April 2023).
7 We note that a higher effective temperature of ∼ 7350 K was proposed in the same period [121].
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Abstract: The B[e] phenomenon is manifested by a heterogeneous group of stars surrounded by
gaseous and dusty circumstellar envelopes with similar physical conditions. Among these stars,
the FS CMa-type objects are suspected to be binary systems, which could be experiencing or have
undergone a mass-transfer process that could explain the large amount of material surrounding them.
We aim to contribute to the knowledge of a recently confirmed binary, MWC 645, which could be
undergoing an active mass-transfer process. We present near-infrared and optical spectra, identify
atomic and molecular spectral features, and derive different quantitative properties of line profiles.
Based on publicly available photometric data, we search for periodicity in the light curve and model
the spectral energy distribution. We have detected molecular bands of CO in absorption at 1.62 µm
and 2.3 µm for the first time. We derive an upper limit for the effective temperature of the cool binary
component. We found a correlation between the enhancement of the Hα emission and the decrease in
optical brightness that could be associated with mass-ejection events or an increase in mass loss. We
outline the global properties of the envelope, possibly responsible for brightness variations due to a
variable extinction, and briefly speculate on different possible scenarios.

Keywords: stars: emission-line, Be; stars: peculiar; stars: individual: MWC 645; circumstellar matter;
binaries: general; techniques: spectroscopic

1. Introduction

In their evolution, some B-type stars undergo phases that are still puzzling for as-
trophysicists even after years of study since they develop certain peculiarities that are
not yet well understood. The B[e] phenomenon displayed by several B-type stars in their
optical spectra is an example of them. Its manifestation can be seen through the presence
of permitted and forbidden low-excitation emission lines of neutral and low ionization
metals arising from circumstellar (CS) gas and large infrared excess due to CS dust [1]. The
phenomenon is associated with stars with different initial masses, isolated or in binary
systems, transiting different evolutionary stages, such as supergiants, compact planetary
nebulae, Herbig Ae/Be stars, and symbiotic systems [2]. Despite the cited differences
among the stars, the physical conditions of their CS gaseous and dusty envelopes are
similar, which is a crucial factor when seeking to understand the development of the phe-
nomenon. Furthermore, since the CS envelopes veil the photospheric features of the central
objects, it is difficult to determine their spectral types and evolutionary states. Therefore,
stars without a proper classification comprise the category named “Unclassified B[e] stars”
(UnclB[e]).
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Nearly a decade after Lamers’ classification, Miroshnichenko proposed a new group
called FS CMa stars [3]. The observational defining criteria are (1) the presence of a hot star
(between O9 and A2 spectral types) continuum with emission lines of H I, Fe II, O I, [Fe II],
[O I], Ca II; (2) an infrared spectral energy distribution (SED) that shows a large excess with
a maximum at 10–30 µm and a strong decrement beyond these wavelengths; and (3) a star
location outside a region of star formation. According to these properties, almost all the
UnclB[e] objects in Lamers et al.’s publication are in this group [4], which has approximately
seventy members between confirmed and candidate ones [5]. They are suspected to be
binaries at a post-mass-exchange evolutionary phase, with a secondary component fainter
and cooler than the primary or degenerate [3,6,7]. Since the predictions of mass-loss rates
of single-stars theory [8,9] cannot explain the existence of a large amount of CS matter, a
mass-transfer process in a binary system could be a likely explanation. However, only a few
objects of this class have been confirmed as binary systems, probably due to the scarcity
of available observational data to discover them and the difficulties in detecting signs
of binarity due to the presence of CS matter, the intrinsic stellar variability, and the low
brightness of most members of the FS CMa group [10]. Recently, Miroshnichenko et al. [11]
published a review of FS CMa objects, where they reported fifteen stars as binaries and six
as binary system candidates.

MWC 645 (= V2211 Cyg, α = 21:53:27.49, δ = +52:59:58.01; V = 13.0, H-K = 1.53,
J-H = 1.267) was originally included in the supplement of the Catalogue of Mount Wilson
about A and B stars with bright H I spectral lines [12]. The presence of strong double
emission lines of Fe II and [Fe II] (with a radial velocity difference between the red and
blue peaks of 150 km s−1) and triple-peaked profiles of the Hγ and Hδ transitions were
reported by Swings and Allen [13]. They also remarked striking spectral similarities be-
tween MWC 645 and η Car. Also, permitted and forbidden transitions of low excitation and
ionization potential belonging to Ti II, Cr II, [O I], and [N II] were observed [1]. Photometric
variations were found by Gottlieb and Liller [14] with an amplitude of 0.3 mag and a possi-
ble period of 23.6 years. A deep spectroscopic study was done by Jaschek et al. [15] that
revealed no stellar absorption features. These authors concluded that possibly MWC 645 is
a late B-type object based on the absence of He II lines and the weakness of the He I lines
at λ 6678 Å and λ 7065 Å possibly detected once, each one at different years. They did
not find spectral transitions from C, Ne, and Mg atoms or ions, but they found lines of
K I and Cu II (typically seen in stellar types later than F) and Zr II (usually seen in stars
later than A0-type). They highlighted the extreme spectroscopic variability of MWC 645
over the years. Lamers et al. [2] included it in the UnclB[e] stars group. MWC 645 has
IRAS flux ratios that locate it in the region occupied by OH/IR stars [16]. Zickgraf [17]
detected a characteristic asymmetric profile for the emission metal lines, with a steep red
flank and a blue wing. He reported the splitting in the central emission of [O I] and [Fe II]
lines and a peculiar emission profile of the Hα line showing a broad blue and a narrow red
component with a full width at half maximum (FWHM) of 5.0 Å and 1.3 Å , respectively.
He proposed a latitude-dependent wind model with a large optical depth dust disk at an
intermediate inclination to explain the asymmetric line profiles and their splitting. Marston
and McCollum [18] obtained Hα narrow band imaging and found no visible extended
emission associated with the star.

Recently, Nodyarov et al. [19,20] studied high-resolution optical spectra of MWC 645
taken in two different years. He found absorption lines of neutral metals, such as Li I,
Ca I, Fe I, Ti I, V I, and Ni I, typically present in cool stellar spectra, with a different
average radial velocity in each spectrum, that revealed the binary nature of the object.
However, they did not find any absorption line typical of a B-type object in any of their
spectra. They disentangled the contribution of each stellar component and estimated
their surface temperatures and luminosities (Te f f = 18,000 ± 2000 K and 4250 ± 250 K,
log (L/L�) = 4.0 ± 0.5 and 3.1 ± 0.3 for the hot and cool components, respectively).
Low-resolution near-IR spectra displayed emission lines of the H I Paschen and Brackett
series, as well as of Fe II, O I, N I, and He I. Photometric monitoring in the optical and
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near-IR regions showed quasi-cyclic variations of both short and long periods (months
and ∼4 years, respectively). The authors conclude that the star can be classified as an
FS CMa-type object, where its intermediate-mass components (7 M� and 2.8 M�) undergo
an ongoing mass-transfer process. According to the shape displayed by the spectral energy
distribution with weak emission peaks at about 10 µm and 18 µm, they inferred the presence
of silicates in an optically thin dusty shell. MWC 645 is one of the eight FS CMa objects
in which absorption lines of neutral metals typical of late-type secondaries have been
detected. To contribute to the study of this intriguing object, we decided to observe it in the
near-IR to search for signatures of both stars, mainly of the cool component, that help to
characterize it. In addition, the acquisition of new optical spectra and the public availability
of data (spectroscopic and photometric) that could shed some light on this complex system
motivated us to analyze them. The paper is organized as follows: We present the infrared
and optical observations used in this work in Section 2. In Sections 3 and 4, we analyze the
data. In Section 5, we discuss the results. Finally, Section 6 contains the main conclusions.

2. Observations
2.1. Near-Infrared Spectra

Near-infrared spectra were taken using the Gemini Near-Infrared Spectrograph
(GNIRS, [21]) attached to the 8 m telescope at GEMINI-North (Hawaii) under the programs
GN-2017A-Q-62, GN-2018A-Q-406, and GN-2022B-Q-225. On 6 June 2017, we obtained
K-band spectra in long-slit mode centered at 2.35 µm. The instrumental configuration used
was a 110.5 l/mm grating, a 0.3 arcsec slit, and the short camera (0.15 arcsec/pix). We
also acquired spectra with the same configuration but in cross-dispersed mode centered at
2.19 µm and 2.36 µm on 24 and 30 July 2018, respectively. The effective spectral coverage by
these set-ups was 0.90 µm–2.27 µm and 0.85 µm–2.45 µm, respectively, with gaps between
the orders (the interval 1.36 µm to 1.46 µm is unusable due to saturated telluric lines).
The resulting mean spectral resolving power of the spectra was R ∼ 5500. On 24 August
2022, L-band spectra were obtained with a different long-slit configuration: a 31.7 l/mm
grating, a 0.1 arcsec slit, and the long camera (0.05 arcsec/pix), with two different central
wavelengths (3.48 and 4.00 µm). This configuration resulted in R ∼ 5100. The spectra were
taken in two ABBA nodding sequences along the slit. To account for telluric absorption, a
late-B- or an early-A-type star close to the target in both time and position was observed.
Stars of these spectral types are featureless in the observed wavelength range, except for
hydrogen absorption lines that can be successfully removed in the reduction process by
fitting theoretical line profiles. Flats were also acquired. The data were reduced with the
Image Reduction and Analysis Facility (IRAF)/Gemini tasks. The sky contribution was re-
moved by subtracting the AB pairs. The spectra were flat-fielded and telluric corrected. The
wavelength calibration was performed using the telluric lines. The data were normalized
to unity.

A and B positions were added to increase the signal-to-noise ratio (S/N). The final
S/N ratio varies for the different spectral ranges, as it is affected by the quality of the
telluric correction. Some regions are very polluted with telluric lines and it was impossible
to make a complete cancellation, thus some residuals remain. In addition, for some spectral
regions heavily crowded by emission lines, it becomes difficult to make accurate S/N
ratio estimates. Table 1 summarizes the mean values of the S/N ratio for all our GNIRS
near-IR observations.
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Table 1. Mean values of the S/N ratio for GNIRS near-IR observations in different spectral ranges.

Observations Spectral Range Mean S/N Ratio
Program ID [Å]

GN-2017A-Q-62 22,570–24,400 200
GN-2018A-Q-406 21,000–24,500 200
GN-2018A-Q-406 15,800–18,200 100
GN-2018A-Q-406 11,000–13,600 90
GN-2018A-Q-406 8400–11,000 60
GN-2022B-Q-225 33,311–36,446 200
GN-2022B-Q-225 38,500–41,786 100

2.2. Complementary Data

Optical observations were carried out at Ondřejov Observatory, Czech Republic, using
the Coudé spectrograph [22] attached to the Perek 2 m telescope. We obtained spectra with
a resolving power of R ∼ 12,000 covering a spectral range from 6262 Å to 6735 Å on 12
and 13 September 2018. We also acquired a spectrum centered at 8600 Å. We used a grating
of 830.77 l/mm with a SITe 2030 × 800 CCD and a slit width of 0.7 arcsec. Additional
observations were done at Tartu Observatory, Estonia, with the 1.5 m Cassegrain reflector
AZT-12 on 1 November 2021, using the long-slit spectrograph ASP-32 with a 600 l/mm.
The wavelength coverage extended from 5450 Å to 7480 Å. Data were processed using
standard IRAF tasks. Spectra were bias and flat-field corrected, wavelength calibrated,
heliocentric velocity corrected, and flux normalized.

We also searched for available optical spectra in the BeSS database [23]. We downloaded
sixteen spectra taken between 2019 and 2022, with a resolving power R ∼ 14,000/16,000
in the spectral range 6500–6600 Å. In addition, we collected a lower resolution spectrum
(R ∼ 5000) acquired on 30 August 2019 that covers the range 6150–7000 Å. The spectra were
corrected by heliocentric velocity and normalized to the continuum using the standard
IRAF tasks. We chose the same sample of continuum points to normalize all spectra.
The telluric correction has not been applied.

In addition, we extracted from the public database ASAS-SN (All-Sky Automated
Survey for Supernovae; Shappee et al. [24], Kochanek et al. [25]) (https://www.astronomy.
ohio-state.edu/asassn/ (accessed on 2 February 2023)) survey photometric data of this
star obtained over eight years. The collection is composed of V-band magnitudes from 16
December 2014 to 29 November 2018 and data in the g-band from 12 April 2018 up to 17
January 2023. Furthermore, we collected ground- and spaced-based multicolor photometry
from Vizier service from 0.3 µm to 140 µm.

3. Analysis of the IR Data

Figure 1 shows the near-IR spectrum of MWC 645 from 8400 to 13,600 Å. It displays
numerous emission lines, particularly of the H I Paschen series. The strongest lines, except
those of H I, correspond to O I, Fe II, and the Ca II triplet. Many transitions of N I can be
identified in emission along this spectral range. Forbidden lines of [Fe II] and [S II] are also
present. The moderate-resolution data reveal several absorption lines of Fe I that could be
associated with the cool stellar companion.

We carefully searched for He I lines in our spectra. If the lines are present, they are
incipient and hidden in the noise. The most intense transitions in the interval λ8400–
24,500 Å (cited in the NIST database [26]) correspond to λ10,830 Å and λ20,587 Å.
Nodyarov et al. [20] reported the presence of the He I λ10,830 Å transition in emission
from a low-resolution spectrum (R ∼ 700). We identified a group of Fe II lines with the
three emission peaks at the interval 10,826–10,862 µm. However, the bluest feature of this
group (see Figure 1) is broad, and thus, the He I λ10,830 Å line could be blended with the
Fe II lines. Our data have a higher resolution than the spectrum of Nodyarov et al., but not
sufficient to separate the Fe II lines from the He I line. These authors also identified the He
I λ20,587 Å line. Unfortunately, it lies outside our spectral coverage.

261



Galaxies 2023, 11, 72

Figure 1. Normalized medium-resolution spectrum of MWC 645 taken with Gemini/GNIRS on July
2018 from 8500 Å to 13,600 Å. The normalized Ondřejov spectrum from 8400 Å to 8870 Å , acquired
on September 2018, is shown in cyan. Main spectral lines are identified by colored markings. The
spectral features of a given element (either permitted or forbidden and of different ionization states)
are joined by a dashed line of the same color: hydrogen is indicated in red, oxygen in gray, iron in
blue, calcium in pink, nitrogen in violet, sulfur in green, and helium in cyan. Wavelengths are given
in angstroms.

The H-band spectrum of MWC 645 (upper panel of Figure 2) is dominated by the
H I Brackett series and several permitted and forbidden lines of Fe II. In the K-band, the
most intense feature is the Brγ line (see lower panel of Figure 2), which stands out among
several emission lines corresponding to Fe II, [Fe II], and presumably [Ni II]. The Mg II
doublet at λλ 21,374 Å and 21,437 Å is also in emission. The Pfund series extends from
2.3 microns longward. In addition, absorption features of neutral metals characteristic of
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late-type stars, such as Ca I, Mg I, and Na I, are present. For the first time, we have detected
the presence of CO band heads in absorption around 2.3 µm and around 1.6 µm, which are
typical photospheric features of late-type luminous stars.

Figure 2. Normalized medium-resolution spectrum of MWC 645 taken with Gemini/GNIRS in 2018,
covering the H-(upper panel) and K-bands (lower panel). Main spectral lines and molecular bands
are identified by colored markings. The spectral features of a given element (either permitted or
forbidden and of different ionization states) or molecule (of different isotopes) are joined by a dashed
line of the same color: hydrogen is indicated in red, magnesium in gray, iron in blue, sodium in violet,
nitrogen in green, and carbon monoxide in pink. Wavelengths are given in angstroms.

Figure 3 shows the first obtained L-band spectrum of MWC 645 in two different
spectral regions. The first interval between 33,310 Å and 36,410 Å is relatively featureless
(see left panel), except for the presence of the permitted emission line of Fe II λ 35,423 Å ,
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which is clearly seen above the continuum level, and some H I lines of the Humphreys
series in emission, where the strongest is the one corresponding to the 20-6 transition.
Lower-order members of the Humphreys series can be seen in the second spectral interval
(right panel) that ranges from 38,520 Å to 41,730 Å, where the strong emission of the Brα
line can also be observed. We searched for absorption bands of the first-overtone of silicon
monoxide (SiO) around 4 µm but found none.

Figure 4 plots three H I lines: Paβ, Brγ, and Brα. Their profiles are single-peaked
but asymmetric. We measured the total equivalent width (EW) of each line using the ’e’
function in the IRAF splot routine. The total measured EWs are 184 Å , 15 Å , and 48 Å ,
respectively. The percentage uncertainty of the EW measurements is 5%. Unfortunately, the
wavelength calibration of our near-IR spectra is not accurate enough to determine reliable
radial velocity measurements.

Figure 3. Normalized L-band spectrum of MWC 645 obtained in 2022. The emission lines of H I and
Fe II are marked in red and blue, respectively. The “bump” longward of the Brα line is a remnant
from telluric correction. Wavelengths are in angstroms.

Co Absorption Bands

Figure 5 (upper panel) displays the second-overtone band heads of 12CO in absorption
from the 2018 H-band spectrum. The lower panel compares the K-band spectra taken in
2017 (in red) and 2018 (in black), where the variation of the first-overtone band heads of
12CO is clearly seen. The positions of the 13CO band heads are also marked and clearly de-
tected in the spectrum from 2017. The 2018 spectrum is too weak to see these faint features.

The strength of the CO absorption bands in the near-IR spectra of classical late-type
stars depends on the stellar effective temperature, Te f f , and surface gravity, log g [27,28].
The CO absorption becomes deeper when the effective temperature decreases and the luminos-
ity increases. Thus, hot star spectra display no trace of CO features (Te f f ≥ 5800 K–6000 K, Ali
et al. [29]), and dwarf stars present weaker CO absorption bands than supergiants. To char-
acterize the cool companion of MWC 645, responsible for the CO absorption features, and
estimate its fundamental parameters, we used the IRTF (NASA Infrared Telescope Facility)
Spectral Library [30,31], which collects stellar spectra observed with the spectrograph SpeX
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at a resolving power of R ∼ 2000 and an S/N ratio of about 100 at λ < 4 µm. We looked
for late-type stars with spectral types between F and M and luminosity classes between
I and V to compare their spectra with our spectrum from 2017 in the wavelength range
from 2.26 to 2.44 µm. Figure 6 shows this comparison. The MWC 645 spectrum (solid black
line) was degraded to the resolution of the template spectrum (dashed red line), which
corresponds to a G0 Ib-II star (HD 185018). The intensity of the first 12CO band head of
MWC 645 coincides reasonably well with that of the early G-type star; however, the rest of
the band heads are less intense. The blue edge of the CO(2-0) band head might present an
incipient emission. The absorption of the first 13CO band head is more intense than that
displayed by the library star. According to Wallace and Hinkle [32], the 13CO isotope is
prominent in the supergiants and giants but is not apparent in the dwarfs, although its
strength also depends on the initial rotation velocity of the star and the mixing processes
that can cause a surface enrichment in 13C. Otherwise, the absorption lines of neutral metals
are less intense than those in the template spectrum, indicating an earlier spectral type
(F8-F9 subtypes). Furthermore, the lack of SiO band heads at 4 µm, often observed in
K0-type stars and later, also points towards an earlier type [33].

Figure 4. Strongest H I lines detected in our IR spectra of MWC 645. They display an asymmetric
profile, where the red flank is steeper than the blue one. Wavelengths are in angstroms.

Winge et al. [34] presented a spectroscopic library of late spectral-type stellar templates
in the K-band at a resolving power of R ∼ 5900. The authors plotted the equivalent width
(EW) of the first CO overtone as a function of Te f f (see their Figure 3) for a stellar sample
with Te f f in the range 3200–5200 K and different luminosity classes. They measured the
EW from the blue edge of the (2-0) band head to the blue edge of the (3-1) band head, more
precisely in the window 2.293–2.322 µm. We measured the EW of the CO(2,0) band head
from the spectrum of 2017 and obtained 2.55 ± 0.5 Å. A visual extrapolation of the relation
seen in the figure between EW and Te f f in the hottest edge of the plot gives an estimation
of Te f f around 5200 ± 100 K. From the spectrum obtained in 2018, we measured an EW of
the CO(2,0) band head equal to 1.22 ± 0.1 and estimated a Te f f ∼ 5300 ± 100 K.
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Figure 5. CO molecular bands of MWC 645. Some emission and absorption lines are also identified.
The spectral features of a given element or molecule (of different isotopes) are indicated by colored
markings and joined by a dashed line of the same color: hydrogen is indicated in red, magnesium
in gray, iron in blue, sodium in violet, nitrogen in green, calcium in cyan, and carbon monoxide in
pink. Upper panel: 12CO second-overtone band heads seen in the H-band spectrum taken in 2018.
Lower panel: 12CO and 13CO band heads in absorption detected in the K-band. The spectra obtained
in 2017 (in red) and 2018 (in black) revealed the variability in the strength of the observed bands.
Wavelengths are given in angstroms.

Figure 6. Comparison between the degraded spectrum of MWC 645 to R ∼ 2000 (solid black line)
and a G0 Ib-II star, HD 185018 (dashed red line), where the CO(2-0) band head fits well. The other
12CO absorption bands from MWC 645 are shallower than those of the template; perhaps they are
filled by emission. Wavelengths are given in angstroms.
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4. Analysis of the Optical Data
4.1. Photometric Light Curve

Figure 7 shows the light curve of MWC 645 taken from ASAS-SN. We applied the
relationship derived by Nodyarov et al. [20] to convert the g-band magnitudes into V-band
magnitudes. The optical photometry in the V-band acquired by the authors mentioned
above is also included. The dates of the spectroscopic observations presented in this work
are marked in the light curve as vertical lines.

The brightness fluctuations of the star up to July 2022 have been reported
by Nodyarov et al. [20], who suggested that a new minimum in the light curve might
take place in the second half of 2022. As can be seen in the plot, the star continued fading
up to the end of October approximately, reaching a minimum of ∼0.1 mag brighter than
the minimum that occurred in August/September 2018. Then, it began to strengthen in
brightness again.

Nodyarov et al. [20] searched for periodicity, excluding visual magnitudes greater
than 13.2 mag from their analysis. They derived 69, 145, and 295 days. They attributed the
quasi-cyclic photometric variations to variable CS extinction. We applied the Lomb–Scargle
method using the IRSA (https://irsa.ipac.caltech.edu/irsaviewer/timeseries (accessed
on 30 November 2022)) time series tool to the V-band light curve shown in Figure 7. We
discarded the magnitudes with errors greater than 0.03. The scan of periodic signals with
values below ten days gave strong peaks at one day and harmonics of the sidereal day due
to the observing cycle.

The periodogram for periods greater than one day is shown in Figure 8. The six peaks
at or above a confidence level of 20 in the power spectrum correspond to periods of approx-
imately 65, 112, 162, 298, 461, and 709 days. We dismissed the last period since the time
coverage of the observations is not enough for its precise determination. The phase dia-
gram for each period shows a large scatter of the magnitude points and a small amplitude
in their modulation (∼0.2–0.3 mag). We should note that the 65- and 298-day periods were
also found by Nodyarov et al. [20]. As our data spread over a more extended baseline than
the one used by the authors mentioned above, this might be a possible explanation for the
differences in the other identified periods.
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Figure 7. Light curve of MWC 645 from 16 December 2014 up to 11 November 2022 taken from
ASAS-SN. The purple squares indicate the V-band magnitudes, and the green circles represent the
g-band measurements converted to the V-band magnitudes. The conversion has been carried out
with the relationship found by Nodyarov et al. [20]. Their optical photometric observations are
also included (blue circles). Vertical solid blue lines mark the dates of our IR observations (2017,
2018, and 2022, respectively); dotted blue lines mark the dates of our optical spectra (2018 and 2021,
respectively); and those dotted in green, gray, and red correspond to the spectra downloaded from
the BeSS database taken in 2019, 2020, and 2022, respectively. Time is given in heliocentric Julian
dates (HJD) minus 2.45 × 106 days.
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Figure 8. Fourier power spectrum of the ASAS-SN light curve of MWC 645. The periods in days are
on a logarithmic scale. The green line shows the confidence level.

4.2. Spectroscopic Data

The peculiar profile of the Hα line of MWC 645, composed of a broad blue-shifted peak
and a narrow red-shifted one, can be seen in Figure 9, where all the spectra are normalized
to the continuum level. This plot shows not only the profile changes over different years
(spectra from the same year are displayed in the same color) but also daily. We note that
as the BeSS spectra are not corrected by telluric lines, some of the profiles present one or
two absorption features superimposed on the blue-shifted emission peak corresponding
to water vapor lines of the Earth’s atmosphere, which affect the shape of the profile. A
variation in the emission strength of both peaks is seen. Using the ‘e’ task in the IRAF
splot routine, we measured the intensity of the blue (V) and red (R) emission peaks and the
total equivalent width of the Hα profile, except for the lowest resolution spectrum. Table 2
presents these values and the calculated V/R ratios. We can see that the V/R ratio presents
changes over four years, even doubling its value. We note that the ratio of V/R ∼ 0.3
corresponds to observations close in time (except for one). For this subset, the changes in
EW might be mainly due to the continuum-level variations.

The average radial velocity of the blue and red emission components derived from
the Ondřejov spectra are −225 ± 5 km s−1 and −31 ± 3 km s−1, respectively, which are
in agreement with the values reported by Zickgraf [17] of −218 km s−1 and −30 km s−1

and Nodyarov et al. [20] of −252 ± 9 km s−1 and −30 ± 2 km s−1, respectively. Fitting
a Gaussian profile to the narrow red component of the Hα line, we obtained an average
FWHM of 90 ± 1 km s−1. To fit the broad emission component, we built a profile with
a red wing symmetrical to the observed blue one and obtained an average FWHM of
318 ± 4 km s−1.

Even though the BeSS material is not accurate enough to measure radial velocities,
we have estimated them from the different spectra for both emission peaks fitting the
components with Gaussian profiles. The average value is −229 km s−1 and −26 km s−1

for the blue and red emission peaks, respectively. In Figure 9, a variation in the central
wavelength of the Hα red emission peak (which is not distorted by telluric lines) can be
observed from the different spectra; however, as the wavelength calibration of the BeSS
spectra is not well suited for radial velocity determination, we cannot confirm if this change
is real. The average FWHMs of the blue and red components are 256 ± 4 km s−1 and
80 ± 2 km s−1, respectively. The Hα broad component line profile from the BeSS spectra
has a smaller average FWHM than the Ondřejov spectra. In the latter, the broad component
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presents a blue wing with a gentler slope that is also outlined for the red wing, giving a
greater width.

Figure 9. Hα line variation of MWC 645. Spectra taken in 2018, 2019, 2020, and 2022 are displayed in
blue, green, gray, and red, respectively. The spectrum with the lowest resolution is plotted with a
dashed-line. The heliocentric radial velocity scale is shown in km s−1.

Table 2. Hα line parameters of MWC 645. Column 1 indicates the observing date; column 2 the
heliocentric Julian date (minus 2.45 × 106 d); column 3 the observatory/database where the spectrum
was obtained; columns 4 and 5 the emission intensities of the blue and red peaks (V and R) in
continuum units, respectively; column 6 the emission intensity ratio of both peaks (V/R); and column
7 the total equivalent width (EW) in Å. The measurement errors are on the order of 1% for the
intensities and 10% for the EW values.

Obs. Date HJD-2450000 Observatory V R V/R EW
(yyyy-mm-dd) [Å]

2018-09-11 8373.3290 Ondřejov 118.4 452.0 0.26 −1980.3
2018-09-12 8374.2823 Ondřejov 132.8 509.0 0.26 −2122.8
2019-08-28 8724.3870 BeSS 1 90.2 268.9 0.33 −1132.2
2019-08-30 8726.4279 BeSS 2 75.1 391.9 0.45 −2130.7
2019-09-01 8728.4429 BeSS 95.7 283.9 0.34 −1237.2
2019-09-02 8729.4419 BeSS 105.7 316.0 0.33 −1291.7
2019-09-03 8730.4365 BeSS 101.5 306.1 0.33 −1353.7
2019-09-05 8732.4433 BeSS 100.1 292.3 0.34 −1147.3
2019-09-07 8734.3942 BeSS 109.7 323.5 0.34 −1372.1
2019-09-10 8737.3883 BeSS 99.8 296.0 0.34 −1292.5
2019-09-11 8738.3925 BeSS 132.3 397.1 0.33 −1642.3
2019-09-14 8741.4241 BeSS 110.5 330.9 0.33 −1348.1
2019-09-19 8746.3989 BeSS 100.5 297.7 0.34 −1129.5
2019-09-20 8747.3862 BeSS 103.1 304.3 0.34 −1264.6
2019-09-24 8751.3722 BeSS 109.1 326.1 0.33 −1283.5
2020-06-25 9025.5535 BeSS 94.1 223.7 0.42 −933.8
2020-07-12 9043.5126 BeSS 127.4 264.8 0.48 −1216.8
2021-11-01 9520.3161 Tartu — — — —
2022-07-26 9787.5322 BeSS 47.3 195.6 0.24 −718.2
2022-12-09 9923.2775 BeSS 100.5 321.2 0.31 −1392.3

1 For details about the instruments and observers, please visit the web page BeSS database (http://basebe.obspm.
fr/basebe/) (accessed on 2 February 2023). 2 Spectrum with the lowest resolution.
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Apart from the Hα line, our medium-resolution spectroscopic observations and
the 2019 low-resolution BeSS spectrum also show the lines of [O I] λλ 6300, 6364 Å.
These lines appear single-peaked, although asymmetric, as was previously mentioned
by Zickgraf [17], which might suggest that the lines are composed of two blended com-
ponents (see Figure 10). Several permitted Fe II lines and the forbidden lines of [N II]
λ 6583 Å and [S II] λλ 6716, 6731 Å are apparent. We calculated the average heliocen-
tric radial velocity of the emission lines of the Ondřejov spectra and the standard error
of the mean, obtaining −43 ± 2 km s−1. Jaschek et al. [15] derived −76 ± 5 km s−1,
and Nodyarov et al. [20] found −61 ± 4.3 km s−1, which indicates a variation in radial ve-
locity. The He I λ 6678 Å transition is absent, as in the spectra studied by the last-mentioned
authors and Zickgraf [17].

Figure 10. Example of the emission lines in the surroundings of the Hα line of MWC 645. Ondřejov
normalized spectra taken in 2018 on 12 September (in red line) and 13 September (in black line) and
the 2019 low-resolution spectrum (in green) are shown with the main lines identified by colored
markings. The spectral features of a given element (either permitted or forbidden and of different
ionization states) are joined by a dashed line of the same color: hydrogen is indicated in red, oxygen
in gray, iron in blue, nitrogen in violet, and sulfur in green. Wavelengths are given in angstroms.

4.3. Global Properties of the Circumstellar Material

Figure 11 shows the spectral energy distribution (SED) of MWC 645, built from the
photometry publicly available from the ultraviolet to the far-IR (0.3 µm–140 µm). The low-
resolution spectrum taken in 2021 in the spectral region of the Hα line is also included.

To derive the global physical properties of the CS material, we considered a simple
model presented by Marchiano et al. [35] and Arias et al. [36]. The numerical code allows
for obtaining the SED assembled by different envelope components. The model assumes
the presence of a spherical envelope composed of gas close to the star (≤5 R∗) and (or)
dust further away from it (≥100 R∗) [37,38]. The emergent flux is computed from the
central star and the envelope (considering that the latter can be reduced to an equivalent
shell), applying a plane-parallel solution for the transfer equation. The optical depth τG

λ
and the source function characterize the gaseous shell, which can be described by adding
as free parameters the electron temperature TG and the effective radius RG. The dusty
region is treated using an analogous scheme with similar parameters describing the shell:
an optical depth τD

λ , a temperature TD, and an effective radius RD. The model allows
several dust shell components to be added. The interstellar extinction is also included by
an optical depth τ ISM

λ . The absorption A(λ) is related to each optical depth through the
expression τ = 0.4 ln(10)A(λ). Using the law given by Cardelli et al. [39], it can be written as
A(λ) = [RV a(1/λ) + b(1/λ)] E(B-V), where RV is the total to selective extinction and E(B-V)
is the color excess. We took RISM

V = 3.1 for the interstellar dust and tried different values
of RD

V greater than 3.1 for the CS dust shell components. The temperature of the dust
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grains depends on the stellar radiation and the distance from the star center [40]. That is,
TD(r) = Te f f W(r)[1/(4+p)], where W(r) is the geometrical dilution factor. The parameter
p depends on the nature of the dust, but it is usually on the order of one. Furthermore,
as the equilibrium temperature should be lower than the dust condensation temperature
(typically around 1500 K) to allow the formation of grains, it constrains the distance where
condensation can occur, e.g., for a Te f f of 18,000 K, the condensation distance is about
249 R∗.

The code gives the observed flux normalized to that at a reference wavelength λre f ; we
chose λre f = 0.55 µm. We assumed that the flux of the central object results from the contri-
bution of both stellar fluxes, for which we considered the Kurucz [41] atmosphere models.
Regarding what we know about the stars, we selected models between 17,000 and 20,000 K
for the hot binary component and between 4500 and 6000 K for the cool one and explored the
flux contribution of the hot and cool components to the total flux in the range of 70%–90%
and 30%–10%, respectively (similar percentages were suggested by Nodyarov et al. [20]).
Figure 11 displays our best fit of the theoretical SED (solid blue line) to the observed data.
The best-fitting model was computed by taking the photospheric fluxes from a star with
Te f f = 18,000 K, log g = 4.0, and R∗ = 3.73 R� and a cool star with Te f f = 5000 K and
log g = 1.5. The contribution of each stellar flux to the total flux is 80% and 20% for the
hot and cold components, respectively. The resulting envelope has one gaseous shell at
RG = 1.15 R� with TG = 16780 K and τV = 0.1. The dusty region comprises three different
shells with the following parameters: R1

D = 348 R∗, T1
D = 1310 K, R2

D = 3750 R∗, T2
D = 507 K,

R3
D = 0.02 pc, T3

D = 98 K. The computed total CS visual absorption is AD
V = 0.097 mag. We

obtained a color excess due to the interstellar medium of E(B-V)ISM = 0.98 ± 0.02 mag,
which results in a total visual absorption AV = 3.13 ± 0.11 mag. This value agrees with the
one derived by Nodyarov et al. [20]. A disagreement between the theoretical and observed
SEDs in the region of log λ = 1.0–1.5 is observed. We should note that the employed code
can model the thermal emission of the dust, but it cannot address the computation of
silicate bands. Thus, the presence of silicate particles might be responsible for the observed
difference between the SEDs at 10 µm and 18 µm. In fact, Nodyarov et al. [20] have already
reported weak emission bumps at these wavelengths.
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Figure 11. Spectral energy distribution of MWC 645. The open triangles represent the observed
photometric data: optical bands (yellow), 2MASS (green) [42], WISE (violet) [43], MSX (light blue) [44],
IRAS (red) [45], and AKARI (black) [46]. The error bars of the photometric data are included (in most
photometric bands, they fall inside the symbols). The low-resolution spectrum acquired in 2021 over
the Hα region is also displayed (with a dashed black line). The solid red line shows the SED modeled
considering the contribution of the photospheric fluxes from both stars, the thermal emission from
a gaseous shell close to the system and the effect of the interstellar medium extinction. The solid
blue line shows our best-fitting theoretical SED, obtained by adding to the SED plotted in red the
contribution of three dusty shells surrounding the stellar system. The flux is normalized to that at
λre f = 0.55 µm and displayed on a logarithmic scale. The wavelengths are in microns.
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5. Discussion

The forest of emission features in the IR spectral ranges presented in this work account
for the presence of large amounts of CS gas embedding and veiling MWC 645, which
makes it challenging to characterize the components of the binary system. In addition,
the existence of dust revealed by the strong IR excess of radiation above the photospheric
fluxes is another element to consider when building a probable scenario.

In previous studies, the hot component of the system was considered to be a B-type
star [13,15], until Nodyarov et al. [20] assigned it as an early-B subtype. This assignment
was mainly constrained by the absence of He II lines and the possible presence of He
I absorption lines suggested by Jaschek et al. [15] (see Section 1) in the optical spectral
range and the identification of the He I lines in emission in the near-IR. We were not able
to detect neutral helium lines in either emission or absorption in our data, at least with
a signal intensity above the noise level. However, we cannot discard a possible blend
of the He I line at 1.083 µm (the transition of He I with the highest theoretical intensity
that falls in our observed spectral ranges) with a group of Fe II emission lines precisely
identified in the same spectral region. We detected Mg II lines in emission at 2.138 µm
and 2.144 µm. According to the works of Clark and Steele [47] and Steele and Clark [48],
who studied a representative sample of Be stars in the H- and K-bands, no evidence of
He I features and the simultaneous presence of Brγ and Mg II lines in emission indicate
a spectral type between B2 and B4. If He I lines are present, the spectral type is B3 or
earlier. New high-resolution IR spectra could be valuable to clarify the presence of He I
lines. Nevertheless, we cannot discard any variability in neutral helium lines.

The 12CO absorption bands detected for the first time at 1.62 µm and 2.3 µm allow
us to constrain the spectral type and effective temperature of the cool binary component.
The spectral type derived by the best fit of the first 12CO band head with that of a G0-type
star does not agree with the strength of metallic lines, which are seen very weakly in
the spectra of MWC 645. The effective temperature associated with this spectral type for
supergiant/giant stars is around 5600 K [49,50]. Using the EW of the CO(2,0) band head,
we determined a Te f f average value of about 5250 K. However, since the SED of the star in
the near-IR has a significant contribution from the hot companion and from the ionized
envelope (free-free emission), all spectral features from the cool companion are reduced in
their intensity (due to the false continuum). Thus, the temperature determination should
be interpreted as an upper limit to the effective temperature.

On the other hand, we might consider that instead of tracing a cool companion, the
detected CO absorption might also uncover some mass-ejection episode, such as can be
seen in the yellow hypergiant ρ Cas [51] or in the eruptive variable V838 Mon [52], when
molecular absorption bands start to develop in the spectrum while the star’s brightness
fades. In the case of ρ Cas, the CO bands turn from absorption into emission when the star
reaches the next maximum brightness phase in which it is too hot for molecule condensation
in its extended outer layers [53]. This finding agrees with the scenario that mass was ejected
into the environment, radiating while it is expanding and cooling. Since we have only two
observations, we cannot trace the evolution of the molecular absorption along the light
curve. However, it is interesting to mention that the most intense CO absorption (seen
in 2017) occurs when the brightness begins to increase after a seeming local minimum.
This observation presents an emission peak blueward of the CO(2,0) absorption band head
that is blue-shifted at about 308 km s−1. If it is indeed due to CO, it might suggest a
high-velocity molecular outflow. Furthermore, the considerably weaker CO absorption
spectrum observed in 2018 might be interpreted as partially filled with circumstellar
emission. Moreover, the absorption-line spectrum ascribed to the cool companion might
have originated in an optically thick disk. Polster et al. [54] suggested that the absorption
features seen in the spectrum of the FS CMa star, MWC 623, are formed in an equatorial
disk viewed nearly edge-on, which acts as a pseudo-photosphere.

When we look at the light curve, we see global qualitative similarities between the
range mostly recorded in V-band magnitudes up to the deepest minimum (which occurred
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in August/September 2018) and that traced by the g-band magnitudes from this mini-
mum up to January 2023. In both time lapses of about four years, we can distinguish
a well-outlined dip (at HJD-2450000 ∼ 7500 d and ∼ 9000 d) less intense than the main
minimum. Although they present slightly different shapes and depths, and the light curve
afterwards reaches a different maximum magnitude level, they are alike. This similar
pattern suggests that the dominant source of variability is the same. Variable CS (or cir-
cumbinary) extinction along the line of sight due to dust clumps might be responsible
for these photometric variations [55–57]. Our simple model to fit the SED allowed us to
derive the global properties of the dusty envelope. Despite its spherical geometry, it traces
different components of optically thin dust, the first located at a distance of ∼6 AU. This
distance agrees with the innermost dusty disk radius of ∼5 AU derived for the star FS CMa
through aperture-synthesis imaging in the L and N bands [58]. Material orbiting the system
at this distance at Keplerian velocity would have a period of ∼5 years. A warped inner
edge of the disk can also produce variable extinction [59].

Previous studies of MWC 645 have not reported variations in the V/R ratio of the Hα
line. Observations made over the last 30 years, although discontinuous in time, have not
revealed an inversion in the intensity ratio of the peaks, always showing V/R < 1. We
noticed that the V/R ratio derived from our spectra varies from 0.2 to 0.5 (see Table 2).
We also calculated the V/R ratio from the intensities of both Hα peaks included in the
work of Nodyarov et al. [20]. Their observations are from 2004 to 2021 and not continuous.
We found a variable V/R ratio with values between 0.3 and 0.9. The only two spectra
from dates included in the light curve range, October 2016 (HJD-2450000 ∼ 7680 d) and
November 2021 (HJD-2450000 ∼ 9545 d), present a V/R ratio of 0.7 and 0.3, respectively.
Spectroscopic monitoring of the Hα line could help scan and characterize this variability
and search for any periodicity in the changes of the peak intensities that could be related to
the rotation of a density perturbation in the disk [60] or an orbital motion [61]. Zickgraf
computed line profiles assuming a latitude-dependent wind model with a dust disk and
obtained similar line profiles to the observed Hα profile with V/R < 1 for an intermediate
inclination angle.

The dimming in optical brightness occurs over a long time, and, along this phase, the
Hα emission changes. The V/R ratio decreases, and the EW increases (with the smallest
value of the V/R relation and the maximum EW at the minimum of the light curve).
This fact seems to be associated with a change in the amount of the circumstellar material,
and not only due to a natural increase in emission intensity during the light curve minimum.
Also, the FWHM of the blue emission component is the largest at this point. This Hα line
strengthening might be attributed to enhanced mass loss (or a mass ejection episode).
Similar variations in the emission of the spectral lines and brightness have been observed
in the FS CMa star, MWC 728. The light curve of MWC 645 suggests a (possible) periodic
behavior. If this were true, the Hα enhancement might result from a mass transfer process
during periastron passage in an eccentric binary system, with a period of the order of 4
years. A denser observational grid with high-quality spectra is needed to study the link
between mass loss and brightness behavior.

A detailed calculation of the Hα line profile based on a physically consistent model is
a difficult task. However, it would be valuable to explore models with simplified assump-
tions to gain insight into the system geometry and the structure of the CS matter [9,54].
More complex scenarios considering non-conservative mass transfer between the binary
components should be considered to draw a picture of the structures involved in the
emission processes [62,63].

6. Conclusions

In this paper, we have studied the FS CMa-type object, MWC 645, a recently confirmed
binary system. We have presented IR medium-resolution spectra covering the J-, H-, K-,
and L-bands and identified the main spectral features. We have reported the presence of
CO bands in absorption for the first time. We have searched for periodicity in the light
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curve and a possible correlation between its behavior and the spectroscopic optical data.
We found that the photometric variations could be explained by variable extinction along
the line of sight. In addition, we noted that the stellar brightness fading is accompanied
by the enhancement of the Hα line emission, which might be due to mass ejection events.
Finally, a proper fitting to the observed SED was found, giving a global picture of the
gaseous and dusty structures that could enshroud the binary.

Simultaneous optical and near-IR spectroscopy during the following brightness mini-
mum would be very useful for tracing the onset and progress of the possible mass transfer.
Such an understanding is utmost for deepening the comprehension of binary evolution in
general and of the nature of this fascinating object in particular.
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nomical Institute of the Czech Academy of Sciences, Ondřejov, is supported by project RVO: 67985815.
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Abbreviations
The following abbreviations are used in this manuscript:

CS Circumstellar
CCD Charged-coupled device
EW Equivalent width
V Blue peak intensity
R Red peak intensity
V/R Blue-to-red emission peak ratio
FWHM Full width at half maximum
HJD Heliocentric Julian date
IR Infrared
SED Spectral energy distribution
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4. Korčáková, D.; Sestito, F.; Manset, N.; Kroupa, P.; Votruba, V.; Šlechta, M.; Danford, S.; Dvořáková, N.; Raj, A.; Chojnowski, S.D.;
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Abstract: Z Canis Majoris is a fascinating early-type binary with a Herbig Be primary and a FU
Orionis-type secondary. Both of the stars exhibit sub-arcsecond jet-like ejecta. In addition, the primary
is associated with the extended jet as well as with the large-scale outflow. In this study, we investigate
further the nature of the large-scale outflow, which has not been studied since its discovery almost
three and a half decades ago. We present proper motion measurements of individual features of the
large-scale outflow and determine their kinematical ages. Furthermore, with our newly acquired
deep images, we have discovered additional faint arc-shaped features that can be associated with the
central binary.

Keywords: circumstellar matter: jets and outflows; stars: individual Z CMa; stars: emission-line; Be

1. Introduction

Z Canis Majoris (Z CMa) has intrigued astronomers for decades. It is an active early-
type emission line binary consisting of a Herbig Be primary and a FU Orionis-type (FU
Ori) secondary separated by 0′′.1 (e.g., Bonnefoy et al. [1]). Current high-spatial resolution
observations show that the primary is located in the northwest (NW) direction from the
secondary (e.g., Bonnefoy et al. [1]; Dong et al. [2]). The light curve of the system is rich
in long-term variability, months to years, as well as in day-by-day variability with a non-
periodic nature and varying amplitudes (Sicilia-Aguilar et al. [3] and references therein).

The system is surrounded with multiple circumstellar and large-scale outflows. The
brightest feature around Z CMa is a reflection nebula extending up to about 35′′ toward
the NW from the central binary. It was discovered from photographic plates from 1953
by Herbig [4]. On these plates, the reflection nebula has a bar-shaped morphology (see
Figure 10 in Herbig [4]). However, on the newer, higher resolution and more sensitive CCD
images, the morphology more closely resembles a comma (Figure 1 left and Figure 2). We
refer to this feature as comma nebula.
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Figure 1. (Left): Schematic view of the various extended nebular features surrounding Z CMa. The
stars in the field of view are drawn as black filled circles, large-scale outflow features are marked
with grayish areas or circles with black contures. The dashed line is drawn at the 60° position angle.
Individual numbers refer to radial velocities (Poetzel et al. [5]). Field of view is 9′.5× 5′.6. The base of
the figure is depicted from Poetzel et al. [5]. Reproduced with permission © ESO. (Right): Schematic
view of the sub-arcsecond features around Z CMa presented in true proportions. The lengths of the
micro-jets are taken from Whelan et al. [6] and those for the streamer are taken from Dong et al. [2].
The dashed line represents the position angle of the large-scale outflow. Field of view is 1′′.6× 2′′.7.
A white square representing the same size is drawn on the left panel at the position of the central
binary inside the comma nebula. On both panels, north is up and east is to the left.

Figure 2. (Left): [S II] image of Z CMa acquired with GMOS attached to Gemini-South. The white
square shape feature, indicated with a white arrow, is an artifact from vignetting of the guiding
probe. (Right): Insets of the resolved features in the [S II] image. The FOVs of the smallest insets
are 20′′ × 15′′ each. On all images, north is up, east is to the left, and the intensity is in log scale to
improve the contrast. See text for more details.

In the sub-arcsecond scale, jets emerge from both components—micro-jet A from the
primary and micro-jet B from the secondary at the position angle (PA, measured from
north to east) 245° and 235°, respectively (Whelan et al. [6]; Figure 1 right). Both jets are
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slightly wiggly and show associated knots (Whelan et al. [6]; Antoniucci et al. [7]). The
micro-jet A extends out to about 30′′ and is referred to as (extended) jet A (Figure 1 left) in
the literature. This jet was discovered by Poetzel et al. [5], and it has also a wiggly nature
(Whelan et al. [6]).

Millan-Gabet and Monnier [8] discovered another jet-like small-scale feature at PA
215°. This feature is designated in the literature as a streamer, and its length is about 2′′

(Figure 1 right). However, it does not emanate from either of the binary components. In fact,
it appears to start 0′′.7 toward the south (S) from the central binary (Dong et al. [2]). The
same authors find a point source a further ∼2′′ away from the streamer at the same PA and
therefore confirm that the streamer is most likely created in a rare flyby event. Furthermore,
these authors point out that the flyby event explains also the anomalous double-jet activity
in this system, which considering the masses of the binary components could happen only
with the probability of less than 1%.

Looking at greater distances, further out from the extended jet A at the same PA, a large-
scale outflow was discovered by Poetzel et al. [5] from the narrow-band Hα and [S II] images
acquired in the end of 1990s. While the micro and extended jets are primarily detected as
one-sided objects in the southwest (SW) direction, the large-scale outflow has emission
features also toward the northeast (NE) (Figure 1 left). The large-scale outflow consists of
blobby and elongated features. The kinematics of the features refer to a bipolar nature.

The NE features are all red-shifted, while the SW ones appear blue-shifted. Eight
features are identified by Poetzel et al. [5] in the SW side extending up to 4′.7 and seven
features are identified in the NE reaching up to 6′ from the central object. This is the largest
known outflow1 for this type of stars extending across 3.5 pc when considering the distance
of 1125 pc (Dong et al. [2]). At the discovery years, the average PA of the outflow features
was 60° (equivalent to 240°). This PA aligns with that of the extended jet A, which is
associated with the primary, and it is therefore widely accepted that the large-scale outflow
is a result of the ejections from the Herbig Be component.

The large-scale outflow is what we concentrate on in this paper. In particular, we
will measure proper motions of the individual features, and in combination with their
respective radial velocities, we aim to reveal the true 3D nature of this huge nebulosity.
For that, an accurate distance estimation is essential. Several distance estimates for Z CMa
exist in the literature. They are all based on the fact that Z CMa is a member of the OB
association CMa OB1. Published values are 1150 ± 50 pc by Clariá [12], 990 ± 50 pc by
Whelan et al. [6], and more recently 1125 ± 30 pc by Dong et al. [2]. Throughout this paper,
we use the latest estimate, 1125 pc, because it was calculated by using the largest number
of members of the association (50) and is therefore the most accurate one. We note here
that the estimated Gaia Data Release 3 (Gaia DR3) (Gaia Collaboration et al. [13]; Gaia
Collaboration et al. [14]) distance of the Z CMa is not reliable due to the very large value of
RUWE2, as described in Dong et al. [2].

2. Observations and Data Reduction

Our first imaging data were obtained with the 60-inch telescope at Mt. Palomar on
2002 February 28. A single 20-min exposure in a narrow-band Hα filter (λ = 6564.8 Å,
∆λ = 20 Å) was secured with a seeing of 1′′.5. The field of view (FOV) was 12′.5, and a
chosen binning of 2× 2 provided a pixel scale of 0′′.756 pix−1. This image was reduced
using the standard routines in IRAF3 (Tody [15,16]).

The second set of images of Z CMa was acquired on 2019 September 27 with the
8.1 m telescope. We used the Gemini Multi-Object Spectrographs (GMOS, Hook et al. [17])
mounted at Gemini-South as part of the observing proposal AR-2019B-020. The images
were collected in the narrow band Hα G0336 (λ = 6567.0 Å, ∆λ = 70 Å) and [S II] G0335
(λ = 6717.2 Å, ∆λ = 43 Å) filters with the total exposure time of 145 and 435 s, respectively.
The observations in both filters consisted of several shorter exposures that have been
dithered to eliminate the gaps between the detectors and to minimize contamination
(saturation effects) due to the bright central star. The bin 2× 2 was used, yielding a pixel
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scale of 0′′.16 pix−1. The FOV of the final reduced images is 6′× 5′.5. The observations were
carried out with a seeing between 1′′.3 and 1′′.4. Data reduction was performed using the
Gemini software DRAGONS (Labrie et al. [18]). Details of the observations are in Table 1.

Table 1. Log of the observations. The first column lists the start date of the observing night. Column
2 lists the telescope used. Column 3 contains the central wavelength (λ) and the width (∆λ) of the
filter. The last column is the total exposure time in seconds.

Date Telescope Filter Total Exp.
λ/∆λ (Å) Time (s)

28 February 2002 60-inch Mt. Palomar Hα 6564.8/20 1200
27 September 2019 Gemini-South Hα 6567.0/70 145
27 September 2019 Gemini-South [S II] 6717.2/43 435

We also acquired a set of stacked images from the Pan-STARRS images archive (Waters
et al. [19]) that are results of co-adding multiple exposures made between 2010 and 2015
during the 3π survey (Chambers et al. [20]). We downloaded stacked images covering the
region around Z CMa in g, r, i, and z filters, re-scaled them to the common photometric
zero point, and created mosaics in each individual filter with the original spatial resolution
of the Pan-STARRS stacked images of 0′′.25 pix−1. We then created a composite RGB image
from z, i, and g mosaics with logarithmic intensity scaling applied. We excluded the r
filter from the composite image as it shows the largest number of stacking artifacts in the
background, and it is mostly unusable for studying the morphology of the nebular features.
The FOV of the final image was 9′ × 9′.

2.1. Pre-Analysis Processing of the Narrow-Band Images

To accurately analyze the possible morphological and/or kinematical changes between
our two epochs, our narrow-band Hα images first had to be matched pixel by pixel. For this,
we used 32 stars in the FOV whose proper motions were smaller or equal to ±5 mas year−1

and RUWE < 1.4; all values were taken from the Gaia DR3. The 2019 frame was matched
against the 2002 frame, because the latter had a larger pixel scale. The matching was
completed in IRAF using the tasks geomap and geotran. The errors of the matching were
σRA = 0′′.18 and σDEC = 0′′.23. With this procedure, both frames were given the same
pixel scale, 0′′.756 pix−1. The last step in matching the coordinates is to compensate for the
possible proper motion of the central star. In our case, this effect is insignificant, considering
the small proper motion of Z CMa (see Section 3.4) and that our two datasets are separated
by 17.58 years. In this stage of the image processing, the frames were ready to be compared
by blinking to find any obvious movement of the outflow features in the plane of the sky or
to measure directly the coordinates of individual features to calculate proper motions.

For the features for which the blinking of the frames did not reveal any visual expan-
sion and/or which, due to their elongated shape, are not suitable for direct coordinate
measuring, further processing was needed in order to use the magnification method (see
Section 3.2). These steps included seeing and flux matching. The first was not needed
because the seeing of the original frames was already similar, and after pixel by pixel
matching, it became equal. Flux matching was completed using the analyzed feature (in
our case feature D; see Section 3.2) by summing up all the flux in a rectangle-shaped area
equivalent to the size and shape of the feature and then arithmetically matching it with the
same area flux on the second epoch image. Beforehand, the sky was removed. We estimate
that the flux matching is accurate down to a few percent.

3. Results

In Figure 3, we present our 2002 Hα image which covers the whole large-scale outflow
of Z CMa, extending 10′.7 from NE to SW. Our GMOS images from 2019 have a smaller
FOV as demonstrated with the black rectangle in Figure 3. The GMOS image taken in
the lines of [S II] λλ6716, 6731 is considerably deeper and presents the individual features
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with a better S/N (Figure 2). For a meaningful analysis (see Sections 3.1 and 3.2), it is
important to use data in the same filter/spectral lines, especially when the aim is to find
any morphological and/or kinematical changes between two epochs. The reason is that
the excitation of emission lines from diverse elements can occur under different physical
conditions so that the lines do not necessarily trace the same gaseous regions. Therefore,
we restrict our proper motion analysis to the Hα frames, because we do not have a [S II]
frame from 2002. In addition, our two Hα frames have a similar S/N, hence presenting
similar detectability of the features, further making them a suitable match for the analysis.
However, we note here that all the features that are resolvable in the GMOS Hα frame have
the same morphology and position in the GMOS [S II] frame.

Figure 3. (Left): Hα image of Z CMa taken in 2002. GMOS FOV is shown for comparison. (Right):
Insets of the features resolvable in the Hα image and which are outside GMOS FOV. On all images,
north is up, east is to the left, and the intensity is in log scale to improve the contrast. See text for
more details.

We refer to the individual features as they have been named by previous authors. The
features of the large-scale outflow were named by Poetzel et al. [5] using capital letters
from A to O (Figure 1). In addition, the designation of f 1 and f 2 was given to refer to the
filaments in the SW side nearby the blobby features F, G, and H. On our figures, the labels
of the features are always directly above the feature itself, apart from the label f 1 which is
to the left from the feature (Figure 3). We note here that not all the features presented by
Poetzel et al. [5] are detectable and/or resolvable in our 2002 Hα frame due to the slightly
lower S/N. From our GMOS [S II] frame, we could identify the features A, B, C, D, E, M,
N, K, and L. Features O, G, H, and f 1 are outside the GMOS FOV. We could not identify
features I and J, situated between the central star and the feature K, on any of our images,
which is probably due to a slightly lower S/N of our images compared to the images from
Poetzel et al. [5].
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The morphology of the large-scale outflow has not changed during the past 30 years
when comparing our 2019 image with the 2002 one and the one from 1988–1989 from
Poetzel et al. [5] (compare their Figure 1 with our Figures 2 and 3). The large-scale outflow
has a bipolar nature and it consists of individual features (features A to O) with varying
shapes—blobby, elongated, filamentary, arced. The PA of the outflow is ∼60° (or ∼240°), as
measured from our images. The approximate value is due to the slightly different PAs of
individual features. Nevertheless, this shows that the PA of the outflow has not changed
during the past 30 years either (∼60° is measured also by Poetzel et al. [5]).

In our [S II] frame (Figure 2), we refer to a few other features related to the ejections
from Z CMa: in particular, the extended jet A (see also Figure 3 in Whelan et al. [6]), the
PA of the micro-jet B (see also Figure 1 in Antoniucci et al. [7]), and the PA of the streamer
(see also Figure 2 in Canovas et al. [21]). Figure 2 shows also the previously known bright
comma nebula which is almost perpendicular to the large-scale outflow. Furthermore, our
image reveals another, fainter and previously not detected extended arc-shaped feature in
the NW direction, which will be discussed further in Section 3.4 and 4.

As a first step in finding any expansion in the plane of the sky, we have used the
simple blinking of the two Hα matched frames. It reveals that feature C has a visible
expansion, while the rest of the features appear to stand still. Overall, a reliable analysis is
only possible for the brightest features, which are those labeled with C and D. Therefore,
we focus in the following on these two and determine their proper motions before we take
a closer look at the faint arc structures.

3.1. Proper Motion Calculations of Feature C

Feature C is one of the brightest among the large-scale outflow. It has a roundish
shape and is clearly detectable in both of our Hα frames taken in 2002 and 2019. The exact
temporal separation of the two images is 17.58 years. The shape of feature C does not
change during that period. As mentioned above, feature C presents the fastest motion from
the central star compared to other features. In addition, feature C also has the largest radial
velocity compared to other features as measured by Poetzel et al. [5]. Therefore, considering
the inclination angle out of the plane of the sky (see below), it is not surprising that this
feature would show a clear expansion in the plane of the sky while others do not. The
movement in the plane of the sky of feature C is in accordance with the general direction of
the features in SW direction, confirming that it must have been ejected from Z CMa.

Due to the roundish shape of feature C, it was possible to measure directly its central
coordinates on both of our images. The total movement in the plane of the sky during the
17.58 years considered is 1′′.4, yielding a proper motion of 0′′.08 year−1 and a tangential
velocity of ∼420 km s−1. Considering the radial velocity of −390 km s−1 of feature C
(Poetzel et al. [5]), its expansion velocity is about 580 km s−1 and the inclination out of
the plane of the sky is 43° using the ordinary cosine relation between the velocity vectors
(i = arccos(vsky/vexp)). The found inclination angle agrees with the estimates made for
the micro-jet B, which was proposed to have an inclination angle between 28° and 64°
(Antoniucci et al. [7]) according to the tangential and radial velocity estimates by Whelan
et al. [6].

The distance of feature C from the central star is 68′′ and 69′′ during the observations
taken in 2002 and 2019, respectively. The position angle of feature C has not changed during
the time duration between our 2002 and 2019 images, and it is 246°. Precise measurements
with errors for all the calculated values are in Table 2.
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Table 2. Results of the calculations from direct measuring of feature C and from using the mag-
nification method for feature D. A distance of 1125 pc toward Z CMa was adopted. See text for
more details.

Description Feature C Feature D

Total movement in the plane of the sky (′′) 1.4± 0.3 -
Proper motion µ (′′ year−1) 0.08± 0.02 0.013 ± 0.004

Radial velocity a vrad (km s−1) −390 ± 24 −110 ± 24
Tangential velocity vsky (km s−1) 423 ± 88 69 ± 23
Expansion velocity vexp (km s−1) 576 ± 67 130 ± 24

Inclination out of the plane of the sky i (°) 43 ± 15 58±14
Distance from the central star in 2002 d2002 (′′) 67.8 ± 0.3 75.3 ± 0.8
Distance from the central star in 2019 d2019 (′′) 69.2 ± 0.3 75.5 b ± 0.8

PA at 2002 (°) 246.5 ± 0.2 222.9 ± 0.6
PA at 2019 (°) 246.6 ± 0.2 222.9 ± 0.6

Age at 2002 (years) 854 ± 177 5859 ± 1953
Magnification factor M - 1.003 ± 0.001

a From Poetzel et al. [5]. b Calculated from d2002 and our derived proper motion.

Using the above calculated proper motion, the distance from the central star, and
assuming constant expansion velocity since the ejection, it is possible to calculate the age
of feature C at our first epoch, 2002. It is on the order of 850 years, which is in accordance
with the estimates in Poetzel et al. [5].

3.2. Proper Motion Calculations of Feature D

The second feature for which we were able to calculate the expansion in the plane of
the sky is the arc-shaped feature D. Due to its elongated shape, a direct measuring of the
coordinates was not an appropriate method. For that reason the magnification method
(see, e.g., Santander-García et al. [22]; Liimets et al. [23]) was used, which is suitable to find
the proper motion of extended structures without a clear central point and/or when the
total movement in the plane of the sky is as small as a tenth of a pixel. Both criteria are
valid for feature D. The magnification method is based on finding a magnification factor
M, which represents an image with minimum residuals of the magnified first epoch image,
which is subtracted from the second epoch image. The method provides the proper motion,
tangential velocity, and age. In order to use the magnification method, the frames being
analyzed have to have coordinates, seeing, and flux matched. This was completed using
the procedures described in Section 2.1. Further details about the magnification method
and the derivation of the formulas used in the following can be found in Section 3.3 of the
PhD thesis by Liimets [24]. The best magnification factor for feature D was determined to
be M = 1.003± 0.001. However, we note here that this result should be used with caution.
We can say with confidence that M is not larger than 1.003. Consequently, all the following
numerical values should be taken as upper limits. The proper motion can be calculated, in
convenient units, in the following way

µ[′′year−1] =
(M− 1) · d[′′]

∆t[year]
, (1)

where d is the distance of feature D from the central star on the first epoch, in our case the
year 2002, and ∆t is the time interval between the two epochs. In the case of the elongated
feature D, the distance from the central star is somewhat challenging to estimate. However,
we are confident that when considering a somewhat larger error of 1 pixel, it is accurate
enough to serve the purpose of the simple calculations presented in this paper. Hence, the
distance of feature D from the central star at our 2002 epoch is 75′′ ± 1′′, and considering
Equation (1), the proper motion becomes µ = 0′′.013 year−1. As for feature C, the precise
values with their errors for all the calculations for feature D are in Table 2.

Using the proper motion and the distance to feature D, it is possible to calculate the
tangential velocity in the following convenient units

284



Galaxies 2023, 11, 64

vsky [km s−1] = 4.74 · µ [′′ year−1] · D [pc]. (2)

We consider the distance to Z CMa to be 1125 pc and therefore vsky = 69 km s−1. The
radial velocity of feature D has been measured to be −110 km s−1 (Poetzel et al. [5]), which
results in an expansion velocity of 130 km s−1. The inclination angle would therefore be
slightly larger than for feature C but with a value of 58° again matching with the estimates
in Antoniucci et al. [7].

The magnification factor can also be used to calculate the age of the feature at the
first epoch,

T [year] =
∆t [year]
(M− 1)

, (3)

which for feature D gives a value of about 6000 years.
The PA of feature D is constant between our two observing epochs and has a value

of 223°.

3.3. Proper Motion of Other Features

We tried to measure the expansion in the plane of the sky for the two other features,
E and K, which were considerably fainter than the features C and D but still resolvable
compared to the rather marginal detections of the features L, M, and N. Features E and
K have an irregular shape, and therefore, the magnification method was used. We find
no measurable movement in the plane of the sky for both features. For feature E, it is
somewhat expected due to its RV being 0 km s−1 (Poetzel et al. [5]), while the RV of feature
K is quoted as +55 km s−1 by the same authors. Considering the pixel scale of 0′′.756 of
our matched images and the fact that the magnification method is able to measure an
expansion of about one tenth of a pixel, the smallest tangential velocity that we should
be able to detect is ∼20 km s−1. This, in return, would mean an inclination out of the
plane of the sky 70°, which, within our error estimate of ±10°, agrees with the estimates by
Antoniucci et al. [7].

3.4. Faint Extended Arc

From our deep GMOS [S II] image, we have discovered that the bright comma nebula
has a fainter continuation. We designate this feature a faint extended arc (see Figure 2).
Despite the lower S/N of our GMOS Hα image, the faint arc is also detectable on that
frame, but we refrain from showing it because it does not provide new information. With
an orientation of the faint arc toward the NW, it is perpendicular to the main large-scale
outflow. The arc is more pronounced on the Pan-STARRS RGB image (Figure 4) on which
additional related features become visible. We detect a repeating pattern of filaments, inside
the main arc, which seem to mimic “feathers” (see white arrows in Figure 4). Interestingly,
while most of the feathers do not have a direct connection to the star, the closest feather
to the central binary, designated with number 1, seems to have connecting filaments.
These filaments start from the bright comma nebula as a small arc resembling a “fishtail”
(marked with solid red arrow) and then continue toward feather 1 with less homogeneous
emission. From the image, it is visible that the diffuse emission in the direction of feather 2
is continuous further than that of our Pan-STARRS FOV. However, the faint extended arc
which ends with feather 4 extends up to 3′ toward the west.
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Figure 4. Pan-STARRS RGB image presenting the faint extended features around Z CMa. Red channel
corresponds to z filter, green channel corresponds to i, and blue channel corresponds to g filter. The
intensity is in log scale to improve the contrast. North is up and east is to the left. FOV 9′ × 9′. See
text for more details.

4. Discussion

Looking at the Figure 4, it is tempting to assume that the newly discovered faint
extended features, as well as the bright comma-shaped feature, are created by matter
expelled from the central star during a single or multiple independent mass ejection
event(s) and now appear misplaced from the central position of the object due to the
movement of Z CMa through the interstellar medium. However, the proper motion
of the star, µRA = −4.4 mas year−1 and µDEC = 2.0 mas year−1 (Hipparcos-2 catalog,
van Leeuwen [25]), does not support that. Z CMa is moving toward the faint extended arc
and not away from it. Our choice of using the proper motion values from the Hipparcos-2
catalog is due to the mentioned large RUWE value of Z CMa in Gaia DR3 (see Section 1),
referring to a problematic astrometric solution. The latter is most probably a result of the
binary nature of the object and its generally rather bright photometric values. However, we
note that Gaia DR3 proper motion values agree relatively well with the Hipparcos-2 catalog.

Another possibility, due to the roundish shape, is that the faint extended arc with the
feathers is related to the orbital motion of the binary. Considering the recent high-contrast
imaging polarimetry observations (Canovas et al. [21]), the orbital movement of the FU
Ori companion around the primary is 0°.7 year−1 when considering a circular orbit. This
implies an orbital period of about 500 years. Currently, the FU Ori companion is located
in the southeast (SE) direction from the primary (e.g., Figure 2 in Bonnefoy et al. [1]).
Therefore, considering the hypothesis of a single ejection and the position of the faint
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extended arc and its feathers, they could have been ejected half a period ago. However,
taking into account the distance of these features from the central binary, it would imply a
peculiarly large tangential velocity of ∼3700 km s−1, which has not been measured in any
other features related to the small- or large-scale outflows of Z CMa. The obvious repeating
pattern of the feathers could also suggest consecutive mass ejections occurring on every
orbit at a specific location. We can then assume that the closest feather could have been
ejected half a period ago and the next ones could have been ejected 1.5, 2.5, and 3.5 periods
ago, respectively. The equivalent tangential velocities would then be about 1800, 900, 600,
and 530 km s−1, considering distance estimates for each feather from the central binary
of 85, 130, 148, and 180′′, respectively. While the radial velocities of −600 km s−1 have
been measured to be associated with the micro-jets (Poetzel et al. [5]; Whelan et al. [6]), all
these estimated values exceed our measured tangential velocities of the large-scale outflow
features (see Table 2). If we consider our largest tangential velocity of 420 km s−1, and the
largest extent of the faint arc structures (3′), it would have had to be ejected ∼2300 years
ago. This timescale is comparable with the ages we have found for the large-scale outflow
features C and D, 850 and 5900 years, respectively. However, if these newly discovered
features are related to the mass ejections occurring at the particular location during the
orbit of the FU Ori-type companion around the primary, it is more likely that the orbit is
not circular but elliptical. The latter would include periastron passage, which can enhance
the mass-loss and possibly initiate outflows, as has been seen in other binary systems (e.g.,
in a case of symbiotic binary R Aquarii (Liimets et al. [26]) and proposed for the formation
of the circumbinary molecular ring in the B[e] supergiant system GG Car (Kraus et al. [27])).
At the same time, while feathers 2 and 3 do not seem to be physically connected with the
central binary, the faint extended arc and its extension feather 4 are clearly a continuation
from the star and its bright comma nebula, implying a constant flow of matter. At this
point, we also mention that when inspecting the Figure 4 more thoroughly, it is possible
that there is a dark cloud blocking the connections of the feathers with the central binary or
with the faint arc, as there are no stars detected in the west from the binary below the faint
arc. However, according to the study based on 2 Micron All Sky Survey by Dobashi [28],
there are no dark clouds in the FOV of our Figure 4.

We can further calculate the possible tangential velocities related to the new discovered
features when considering their maximum extent of 3′ and the ages found for the features
C and D. The age of 850 years would result in a velocity of about 1100 km s−1, while the
5900 years (feature D) would result in a velocity of about 160 km s−1. The latter is more
in line with the tangential velocities measured in this work and with the radial velocities
measured by Poetzel et al. [5]. It is possible that the elongated feature D, which indeed
has a larger deviation from the average PA of the large-scale outflow compared to other
features, potentially referring to a different origin, is related to the feather 1. However,
the seemingly similarly shaped feature marked with dashed cyan arrow in Figure 4 is not
feature D. Feature D is 15′′ further away from the central star and has a slightly smaller
PA. A red dashed arrow is indicating its position in Figure 4, and it shows that this feature
is situated on the edge of the feather 1, but there is no brightness enhancement in that
position other than the boarder line of the feathery feature.

On the other hand, it cannot be ruled out that the faint features are accidentally
aligned with Z CMa and that they are actually part of the huge nebula Sh 2-296 on which
edge Z CMa is located (see Figure 6 in Fernandes et al. [29]). However, due to the obvious
positional proximity to Z CMa, we are inclined to favor the idea that the discovered features
are connected to Z CMa rather than being aligned by chance.

The new detected faint features as well as our measured different ages of differ-
ent features (850 versus 5900 years for feature C and D, respectively) are in accordance
with the nature of the Z CMa binary, which has had several eruptions in the past. The
knotty nature of the large-scale outflow as well as the (micro) jets (e.g., Whelan et al. [6],
Antoniucci et al. [7]) additionally refer to several discrete mass ejections. In addition,
the RVs of the individual features vary a lot with values reaching up to ∼±400 km s−1
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(Poetzel et al. [5]), further supporting the scenario that the central object has experienced
in the past several mass ejections with different initial velocities.

Another possible explanation could be that the measured tangential velocities of
feature C and D have not been constant since their ejection from the central binary, which,
in return, would affect the calculated ages. However, observationally, we cannot assess it at
this point. We have not found suitable observational data prior to 2002 to check the potential
velocity canges before our first dataset. In addition, considering the measured velocities,
we will have to wait for at least another ∼20 years to obtain a new set of observations,
which could potentially show a change in tangential velocities. However, independently
of the two scenarios, we wish to emphasize that our measured ages are more precise than
previous estimates (Poetzel et al. [5]) because we have accurately measured the tangential
velocities, while formerly, those were approximated according to the radial velocities and
the possible inclination angle of the large-scale outflow.

As measured from our 2002 and 2019 images, the PA of feature D is 223° and does
not change during our observing period, 17.58 years. To expand the epoch of analsyis, we
estimate from the schematic Figure 1 in Poetzel et al. [5] (they do not publish any numerical
values of the PAs nor the distances from the central star) that the PA of feature D at their
observing time between 1989 and 1990 was ∼225°. Therefore, we conclude that the PA of
feature D has not changed during the past 30 years. Following this result, the claim made by
Whelan et al. [6] that feature D is related with the micro-jet B (emanating from the FU Ori-
type companion with a PA ∼235°, which is indicated with the blue solid line in Figure 2),
according to their observations, is not supported by our precise PA measurements.

We investigate further whether feature D could be related to the additional sub-
arcsecond component emerging from Z CMa, the jet-like structure identified as a streamer
(see Figure 3 in Millan-Gabet and Monnier [8], Figure 2 in Canovas et al. [21], Figure 1 in
Liu et al. [30], and Figure 1 in Dong et al. [2]). Unfortunately, these authors do not provide
any PA measurements for the straight part of the streamer (the outer edge of this feature is
slightly curved toward west), but from their figures, we can estimate it to be approximately
215°. We also note that the streamer does not start from the central binary but about 0′′.7
straight toward the south from the binary (see Figure 2 in Canovas et al. [21]). We indicate
the PA of this feature with the green dotted line in our Figure 2. Even though the angle of
the streamer is more similar to the PA of feature D than the angle of the micro-jet B is, it is
still clearly evident that their PAs do not align. Dong et al. [2] explains the streamer as a
result of the flyby event because they discovered a faint component whose PA matches with
the one of the streamer. The fact that feature D is not aligned with the streamer provides an
additional support for the flyby event because it shows that the streamer is not related to
any small or large-scale ejecta.

5. Conclusions

We have presented the first proper motion study of features C and D within the
large-scale outflow of Z CMa. The two very different proper motion values obtained for
these two features confirm the previous suggestion that the large-scale outflow is a result
of several active ejection phases with varying initial velocities in the life of Z CMa. Our
precise position angle measurements of the same features reveal that they are not aligned
with the feature streamer, providing further support for the occurrence of the flyby event
in this complex system.

We have discovered new features most probably related to Z CMa—a faint extended
arc with several features mimicking feathers. It is very likely that these features are
connected to the central binary and are the result of previous mass ejection(s) possibly
related to the orbital motion of the binary system.
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RUWE renormalized unit weight error
S south
NW northwest
NE northeast
SW southwest
SE southeast

Notes
1 Although evolved massive stars can have nebula exceeding this size by far, such as the huge bipolar nebula of the B[e] supergiant

MWC 314 extending across 13 pc (Marston and McCollum [9]; Liimets et al. [10]) as well as the 10 pc size elaborate filamentary
structures around the Luminous Blue Variable P Cygni (see Boumis et al. [11] and references therein).

2 Renormalised Unit Weight Error (RUWE). RUWE is expected to be around 1.0 for sources where the single-star model provides
a good fit to the astrometric observations. A value significantly greater than 1.0 (e.g., >1.4) could indicate that the source is
non-single or otherwise problematic for the astrometric solution.

3 IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under cooperative agreement with the National Science Foundation.
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Abstract: The emission-line B-type stars constitute a heterogeneous group. Many of these stars show
similar optical spectroscopic features and color indices, making it difficult to classify them adequately
by means of photometric and spectroscopic techniques. Thus, it is relevant to deal with appropriate
classification criteria to avoid as many selection effects as possible. For this purpose, we analyzed
different reddening-free Q parameters, taking advantage of the Gaia and 2MASS photometric surveys,
for both main sequence and emission-line B-type stars. Along with this work, we provided various
criteria to search for normal and emission-line B-type stars, using different color–color, Q–color, and
Q–Q diagrams. It was also possible to identify stars in different transition phases (i.e., (Rp − J)
vs. (J − Ks) diagrams) and to classify them according to their NIR radiation excesses (i.e., the
(Bp− Rp) vs. (H − Ks) diagram). Other diagrams, such as the QJKHK vs. (H − Ks) or QBpJHK vs.
(Bp− Ks), were very useful to search for and classify different classes of B-type stars with emission
lines. These diagrams highlighted the presence of several stars, classified as CBe, with large color
excesses that seemed to be caused by the presence of dust in their envelopes. Therefore, these stars
would be misclassified. Three groups of HAeBe stars with different intrinsic dust properties were
also distinguished. The amount of intrinsic dust emission in the diverse groups of emission-line stars
was well-recognized via the QJHK vs. QBpRpHK diagram. The different selection criteria are very
important tools for automated designs of machine learning and optimal search algorithms.

Keywords: stars: early-type; stars: emission-line, Be; (stars:) circumstellar matter; stars: peculiar
(except chemically peculiar)

1. Introduction

In some particular evolutionary phases, and even during the main sequence stage,
some B-type stars exhibit emission lines in their optical spectra, mainly the Hα line (cf. [1]).
These are known as emission-line B-type stars. Usually, these stars are embedded in dense
gaseous circumstellar envelopes (CEs), although many also contain a dusty environment.
The presence of the CE not only gives rise to the emission lines but also to infrared (IR)
excess over the photospheric radiation due to bound–free, free–free, and thermal emission
from gaseous and dust components, respectively [2].

Within the emission-line B-type stars group, we can find objects with very different
evolutionary stages, such as the following: (a) the Herbig Ae/Be (HAeBe) stars, pre-main
sequence (PMS) objects of spectral types B, A, or F, with stellar masses between 2 M� and
10 M� [3,4]; (b) the classical Be (CBe) stars, B-type non-supergiant stars that show rapid
rotation, which facilitates the formation of gaseous envelopes [5]; (c) the B supergiant (BSG)
stars with strong wind outflows and rings [6]; (d) the stars with the B[e] phenomenon,
a heterogeneous group identified by an emission spectrum with additional forbidden
lines of single-ionized atoms and a large IR radiation excess [7]. This last group gathers
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together the following: (i) young stellar objects, like HAeB[e] stars; (ii) the Luminous Blue
Variables (LBVs), post-main sequence massive objects characterized by intense eruptive
mass-loss events [8–11]; (iii) the B[e] supergiants (B[e]SGs), massive stars found beyond
the main-sequence, with a luminosity of 104 − 106 L� (cf. [12]). Their CEs are represented
by a two-component wind model [13] comprising; (iv) the interactive binaries with B-type
companions [14]; (v) the post-AGB stars, a very short evolutionary phase, in which the
objects increase their effective temperatures at constant luminosity and turn into a planetary
nebula (cf. [15]). Table 1 summarizes the emission-line B-type stars analyzed in this work.

Table 1. Summary of emission-line B-type stars analyzed in this work.

Emission-Line B-Type Star Evolutionary Stage

HAeB[e]/HAeBe Pre-main sequence object with or without the B[e]
phenomenon

CBe Non-supergiant B-type star
LBV Post-main sequence massive object
B[e]SG B-supergiant star with the B[e] phenomenon

However, there is some inevitable contamination among the above-mentioned cat-
egories. The HAeBes share many properties with the CBe stars, as their gaseous discs
generate very similar observable features [5,16]. As many as around half of the known
HAeBes display the B[e] phenomenon [17]. Other objects have a doubtful nature, the so-
called unclassified B[e] (unclB[e]) stars, so they are easily confused with members of other
groups [7]. These objects simultaneously show features of either early or evolved stars with
dust in their envelopes, yet lack cold dust components [13]. Sheikina et al. [18] and Mirosh-
nichenko [14] proposed that the unclB[e] stars with little cold dust, called FS CMa-type stars,
are binary systems undergoing mass transfer. The FS CMa-type stars have comparable
near-infrared excesses as Group I Herbig stars (those with very large IR radiation excess)
but with mid-infrared excess even weaker than Group III (stars with small IR radiation
excess), see Chen et al. [19].

Thus, the emission-line B-type stars constitute a heterogeneous group. Usually, they
are either associated with star-forming regions or ejecta-enriched material from an evolved
star. As many stars show similar spectroscopic features and color indices, it has become
difficult to classify them adequately through photometric and spectroscopic techniques.
Moreover, since these kinds of objects are often very distant, they also have uncertain
luminosity. Therefore, determinations of their photospheric parameters, spectral types,
and evolutionary stages are very challenging (e.g., [12,20]).

In the last decade, there has been an exponential growth of data volume from space
missions and synoptic sky surveys that have transformed how astronomy is conducted.
To take full advantage of this wealth of information, mainly as a tool to optimize object
selection, catalog stellar objects, and perform statistical analyses on them, it is very impor-
tant to deal with appropriate criteria of classification that avoid as many selection effects
as possible.

The near-infrared (NIR) nature of the surveys is particularly useful for the analysis of
early-type emission-line stars, since photometry is less sensitive to dust obscuration than
optical observations. The NIR intrinsic colors of early-type, and most late-type, stars cause
them to lie along separated sequences in a (H− Ks) vs. (J− H) color–color diagram (CCD)
when reddened by an arbitrary amount, as Comerón et al. [21] illustrated for the nearby
Cygnus OB2 association. The NIR CCDs have also been used to classify emission-line
B-type stars, such as HAeBes, B[e]SGs, and LBVs [22,23], but there is still a certain mix of
objects due to interstellar reddening effects and, possibly, to similar physical properties that
lie in their discs [12]. As a consequence, a selection method based only on excess emission
in infrared radiation may easily generate a sample contaminated with Young Stellar Objects
(YSOs) and post-main-sequence stars.
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An alternative method of selection is to use the reddening-free quantity QJHK =
(J − H)− 1.70 (H − Ks) [24], equivalent to the Johnson’s Q parameter [25]. This QJHK
parameter allows us, for example, to separate early-type normal stars, which are character-
ized by QJHK ' 0, from background red giants, that are expected to have QJHK ' 0.5 [26].
Comerón and Pasquali [26] showed that by choosing stars with QJHK < 0.30, together
with traditional selection criteria through magnitudes and colors, all the early-type stars
would be recognized, including those displaying NIR excess produced by circumstellar
environments, which would further decrease the value of QJHK. Notwithstanding, the sam-
ple might be potentially contaminated by oxygen-rich AGB stars and carbon-rich giants
that display JHKs colors similar to those of normal reddened early-type stars [27]. Later,
Garcia et al. [28] also found that the use of Q diagrams in the optical ranges, such as QUBV
vs. Vcorr (the Q parameter in the UBV bands versus the apparent visual magnitude cor-
rected from extinction) partially broke the color degeneracy of massive blue stars. Therefore,
this diagram was also helpful in estimating stellar parameters. They also showed that the
different types of massive stars (O, B, Be stars, and the WO) are located in well-defined
loci with little mixing. In the same direction, Aparicio Villegas et al. [29] developed a
methodology for stellar classification and physical parameter estimation (Teff, log g, [Fe/H],
and color excess E(B−V)), based on 18 independent reddening-free Q-values.

One of the purposes of this work was to design strategies to select specific groups
of emission-line B-type stars from their photometric properties avoiding contamination
with other objects to the greatest extent possible. To fulfill this goal, we carried out an
exhaustive analysis of the behavior of the Q parameter, taking advantage of the photometric
measurements provided by the Global Astrometric Interferometer for Astrophysics mission
(Gaia, [30,31]) and the Two Micron All Sky Survey (2MASS, [32,33]). In this way, we would
be able to perform a stellar classification based solely on apparent magnitudes, minimizing
as much as possible the effect of interstellar reddening. This technique would also enable
distinction between the various emission components: star, free–free emission, and thermal
emission. There are different possibilities for using Q parameters for stellar classification
purposes. For example, the simplest method is based on Q-Q diagrams (QQD) calibrated in
terms of spectral classes (or temperatures) and absolute magnitudes (or gravities). Another
more powerful method is to use more than two Q-parameters, forming multidimensional
space cells [34].

In this work, we used GBp and GRp photometry from Gaia Early Data Release 3 (EDR3, [35])
and J, H, and Ks from 2MASS to construct reddening-free Q parameters. We also showed
that Q-color index diagram (QCD) and QQD enabled us to separate different types of
B-type stars in transition phases, namely, HAeBes, LBVs, and B[e]SG stars, from each
other. The paper is organized as follows: in Section 2, we define the reddening-free Q
parameter; in Section 3, we describe the criteria to calculate Q parameters using Gaia EDR3
and 2MASS photometry. The behavior of the Q parameters with effective temperatures
is also addressed; Section 4 shows the loci of the selected groups of emission-line B-type
stars in the different diagrams (CCD, QCD, and QQD). Finally, Sections 5 and 6 present a
discussion of this work’s results and the main conclusions.

2. Reddening-Free Q Parameter

In the (U − B) vs. (B−V) color–color diagram, Johnson and Morgan [25] noted that
the lines connecting reddened and unreddened stars of the same spectral type had very
nearly the same slope. Thus, they defined the quantity:

QUBV = (U − B)− E(U − B)
E(B−V)

(B−V) (1)

that turned out to be an interstellar reddening-free parameter and could be used to deter-
mine the spectral types and reddening of stars between B1 and B9, inclusive (as explained
by Johnson and Morgan [25]).
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The definition of the reddening-free Q parameter can be extended to any other photo-
metric system:

Qm1m2m3m4 = (m1 −m2)−
E(m1 −m2)

E(m3 −m4)
(m3 −m4) (2)

considering either four different magnitudes (m1, m2, m3, and m4) corresponding to differ-
ent photometric filters or three different magnitudes (adopting m2 = m3).

The knowledge of the slope, E(m1 −m2)/E(m3 −m4), in the (m1 −m2) vs. (m3 −m4)
CCD enables elimination of the effect of interstellar reddening and derives the intrinsic
color indices of stars. Thus, Q represents the ordinate to the origin of the line connecting
the reddened and unreddened positions of each star; see green circles in Figure 1.

Figure 1. The reddening-free Q parameter definition. Stars with the same spectral types but different
color excesses (green circle symbols) have the same Q. If the star has an anomalous color excess (red
cross symbol), the Q parameter changes to Q′ (see details in the text).

On the other hand, the interstellar absorption at a given magnitude, i.e., Am2 for the
m2 magnitude, as well as the ratio E(m1−m2)/E(m3−m4), both depend on the interstellar
extinction law1. However, dust extinction has different properties in different regions of
the sky, on both small and large scales. Therefore, variations in the interstellar medium
(ISM) law would affect not only the color-excess ratios but also the Q parameters [36,37].
This change is represented by:

∆Q = Q′ −Q = −
[(

E(m1 −m2)

E(m3 −m4)

)

anomalous
−
(

E(m1 −m2)

E(m3 −m4)

)

normal

]
(m3 −m4) (3)

as shown in Figure 1. Thus, the changes of Q due to different E(m1 − m2)/E(m3 − m4)
ratios may help to detect the peculiarity of the extinction law towards particular sky regions.

It is interesting to note that in a QCD, stars with the same spectral type, but different
“normal” reddening, lie on a straight line parallel to the x-axis, as shown in Figure 2.
By using an appropriate set of photometric filters, e.g., the automated two-dimensional
classification from multicolor photometry in the Vilnius system [38–42], it would be possible
to make a stellar classification with a set of reddening-free Q parameters.

295



Galaxies 2023, 11, 31

Figure 2. Free-reddening Q parameter vs. color-index diagram (QCD). Stars with the same spectral
type but different ”normal” reddening lie on a straight line parallel to the x-axis.

To calculate the standard error (σQ), we should consider that the Q parameter depends
on the accuracy of the magnitudes and the color-excess ratio. Thus,

σ2
Q = σ2

m1
+ σ2

m2
+

(
E(m1 −m2)

E(m3 −m4)

)2(
σ2

m3
+ σ2

m4

)
+ (m3 −m4)

2σ2
E (4)

where E = E(m1−m2)/E(m3−m4). Then, considering that the accuracy of all magnitudes
is the same, σm, and σE = 0, it results in:

σ2
Q = 2 σ2

m

[
1 +

(
E(m1 −m2)

E(m3 −m4)

)2
]

. (5)

3. Study of Gaia and 2MASS Reddening-Free Q Parameters

We chose to work with Gaia EDR3 [35] and 2MASS [32,33] catalogs because the
corresponding missions surveyed the entire sky. Furthermore, B-type stars and nearby
stars have unsaturated magnitudes. In this way, we had, in the visual and NIR regions,
respectively, the GBp (blue) and GRp (red) passbands of the Gaia system and the 2MASS J,
H, and Ks photometric bands. We denote, for simplicity, the Gaia Bp and Rp bands. We
did not use the Gaia G-band because, in such a high bandwidth, the extinction coefficient
varies strongly with temperature and the extinction itself but less with surface gravity and
metallicity [43,44].

3.1. The Q Parameters and Color-Color Diagrams for Normal B-Type Stars

Since there is no previous study of Q parameters that combine the Gaia and 2MASS
photometry, we needed, first, to analyze the position of the B-type stars without emis-
sion lines (from now on normal B-type stars) in the different diagrams, Q vs. effective
temperature (Teff), and their corresponding color–color relations.
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The sample of “normal” B-type stars was selected from Zorec et al. [45,46], Aidelman
et al. [47,48,49] and Cochetti et al. [50]. Our sample did not consider stars classified as Be
(that at least once presented the Hα line in emission) or Bn (with hydrogen lines deformed
by high rotation). This was a homogeneous sample with confident stellar parameters
obtained with the spectrophotometric BCD classification system [46,51,52]. The BCD
system has a relevant advantage; the photospheric Balmer discontinuity, D∗, is not affected
by interstellar extinction or circumstellar effects (extinction or emission). The reason for
this is that the D∗ value is a linear combination of the QUBV parameter [53].

The cross-matches between the B-type star sample and the Gaia EDR3 and 2MASS
catalogs were done using TOPCAT2 (Tool for OPerations on Catalogs And Tables [54,55]). The
search radius was set at 0.2 arcsec to avoid duplicated sources. We also selected stars with
accurate photometry. This meant they satisfied the following criteria: (a) the magnitude
G < 16 mag, (b) mean errors in Bp and Rp little than 0.01 mag for the Gaia EDR3, and (c)
JHKs photometry with quality flags (“Qfl” or “ph_qual”) equal “AAA” for the 2MASS.
In this way, we guaranteed that the σmi contributions at σQ (in Equation (4)) were as small
as possible.

To calculate the reddening-free Q values (Equation (2)) we used the combination of all
color indices: (Bp− Rp), (Bp− J), (Bp− H), (Bp− Ks), (Rp− J), (Rp− H), (Rp− Ks),
(J − H), (J − Ks), and (H − Ks), which led to a total of C(10, 2) = 10!

2!(10−2)! = 45 Q
parameters. The color-excess ratios were obtained from the relative absorption coefficients,
rma = Ama /AV, for each of the selected five bands, which were estimated using the
“extinction” code Fast Interstellar Dust Extinction Laws in Python3 [56]. With this tool, we
estimated the rma values for different wavelengths and different extinction laws for each of
the three available models [57–59], which also permitted the use of different values for RV.
These values are given in Table 2. This code also calculated the extinction for Fitzpatrick
and Massa [60]’s model but only for RV = 3.1. Therefore, this last model was not adopted
in this work. It is important to stress that the dependence of Bp and Rp relative absorption
coefficients with the Teff are still unknown. However, as the filters were narrower than the
one of the G band, we would expect a lower effect.

Table 2. Values of relative absorption coefficients for the Gaia EDR3 and 2MASS filters

Filter λ Central rma = Ama /AV
[Å] RV = 2.1 RV = 3.1 RV = 4.1 RV = 5.1

Cardelli et al. [57]

Bp 5110 1.128 1.091 1.073 1.061
Rp 7770 0.550 0.631 0.673 0.698
J 12,350 0.230 0.288 0.317 0.335
H 16,620 0.143 0.178 0.197 0.208
Ks 21,590 0.094 0.117 0.129 0.136

O’Donnell [58]

Bp 5110 1.153 1.105 1.080 1.066
Rp 7770 0.573 0.643 0.678 0.700
J 12,350 0.230 0.288 0.317 0.335
H 16,620 0.143 0.178 0.197 0.208
Ks 21,590 0.094 0.117 0.129 0.136

Fitzpatrick [59]

Bp 5110 1.130 1.087 1.065 1.052
Rp 7770 0.503 0.581 0.621 0.645
J 12,350 0.263 0.262 0.262 0.261
H 16,620 0.170 0.163 0.160 0.158
Ks 21,590 0.115 0.112 0.111 0.110
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In order to estimate typical Q errors for normal B-type stars, we calculated ∆Q and
σQ (Equations (3) and (4), respectively). On the one hand, we estimated |∆Q| where the
Q′ values were calculated using Fitzpatrick’s model for RV = 2.1, 4.1, and 5.1 while the Q
values corresponded to RV = 3.1. On the other hand, we calculated σQ for each reddening
law (see Table 2) using RV = 3.1 and σE = 0. Both |∆Q| and σQ values were calculated for
the 45 combinations of color-excess ratios corresponding to our entire sample of normal
B-type stars. These values are shown in Figure 3. The results showed that the mean values
were: |∆Q| ∼ 0.05 and σQ ∼ 0.15. Therefore, any star would show anomalous reddening
if its |Q| value was larger than 3|∆Q| ∼ 0.15 of the expected one for its spectral type. By
analogy, we could define a Q range of 3 σQ ∼ 0.45 that would contain all the normal B-type
stars. This criterion could be used to identify peculiar stars since they would be located
outside the defined Q range.

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Q

0.0%

9.19%

18.4%

27.6%

36.8%
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 Median: 0.08
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Figure 3. Frequency histogram of error distributions for different reddening laws. The σQ (left panel)
and |∆Q| (right panel) values were calculated for our entire sample of “normal” B-type stars using
the 45 reddening-free Q parameters. To calculate σQ we used RV = 3.1 for the different reddening
laws, while to calculate |∆Q| we used RV = 2.1, 4.1, and 5.1. See details in the text.

Figure 4 shows some examples of the behavior of the parameter Q with Teff and
their respective color–color indices. These diagrams were selected considering the color
indices frequently used in the literature. To study this behavior, we plotted our B-type
star sample, together with the main sequence (MS) taken from the Modern Mean Dwarf
Stellar Color and Effective Temperature Sequence4 (much of the content of this table,
but not all, was incorporated into the Table 5 of [61]). The Q values for both the B star
sample (red points) and the MS (solid gray line) were calculated using the model created
by Fitzpatrick [59] with RV = 3.1. To show the effect of anomalous and normal reddening
on color–color diagrams, the MS was reddened considering AV = 1 mag, adopting the
model done by Fitzpatrick [59] for the different RV coefficients listed in Table 2, while in
the Q-Teff diagrams the Q values for MS were calculated also using the Fitzpatrick’s model
with RV = 2.1, 4.1, and 5.1 (solid and dashed lines, see the caption to Figure 4). Then,
considering that σQ = 0.15 (as set out above), we could define the following limits in the
Q-Teff diagrams and CCDs (shown in brown dashed lines):

−0.10 ≤ QJKRpJ ≤ 0.05 (6)

−0.07 ≤ QHKBpRp ≤ 0.08 (7)

−0.11 ≤ QJHK ≤ 0.04 (8)
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that encloses almost all the B-type stars of the sample (around 86%, 93%, and 64% of a total
of 163 stars for each of the limits defined above).
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Figure 4. Behavior of QJKRpJ , QHKBpRp and QJHK parameters with Teff (left panels) and their
corresponding color–color diagrams (right panels). The red points represent the loci of the “normal”
B-type star of the sample [45–50]. The main sequence band (solid gray line, [61]) was reddened
considering AV = 1 mag adopting the model done by Fitzpatrick [59] for different RV coefficients:
RV = 2.1 (pink dotted line), RV = 3.1 (solid blue line), RV = 4.1 (orange dashed line), RV = 5.1
(green dashed line). The effect of the reddening vector, i.e., AV = 2 mag, for different ISM laws, is
indicated in the top-left part of the plots. The brown dashed lines enclosed the cloud of points within
σQ < 0.15.
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3.2. The Q–Color and Q–Q Diagrams for Normal B-Type Stars

Generally, the effective temperature of the B-type stars is a priori an unknown quantity
and is often derived from spectroscopic data. Therefore, an alternative way to describe
the behavior of the Q parameters with Teff, or the spectral types, is to use the color indices.
Thus, the (Bp− Rp) color index is useful, for example, to classify stars according to their
Teff. Jordi et al. [43] remarked that (Bp− Rp) plays the same role as (V − IC), thus the
relationship between (Bp− Rp) and Teff could be almost equivalent to the well-known
relation of Teff = f (V − IC). On the other hand, Mucciarelli et al. [62] also found that
(Bp− Ks)0 and (G− Ks)0 were the best choice to derive precise and accurate Teff values
among late-type stars.

Then, to explore the behavior of Q parameters with the color indices, we present
some QCD in Figure 5. The Q parameters for the sample of B-type stars and the MS were
constructed as explained in Section 3.1. In these plots, the MS was also reddened. These
diagrams allowed early-type stars (red cloud of points) to be separated from late types on
the MS. In particular, in the QBpJRpK vs. (J − Ks) and QBpRpHK vs. (Bp− Rp) diagrams
(left panels), the B-type stars were located in a well-delimited region. This group was
located at

−0.11 < QBpJRpK < 0.20 and − 0.20 < (J − Ks) < 0.14 (9)

−0.60 < QBpRpHK < 0.50 and − 0.30 < (Bp− Rp) < 0.40 (10)

where the upper limits for the color indices correspond to an F0 V star. Another relevant
characteristic of the diagrams of Figures 4 and 5 is that the differences between the MS
and anomalous reddening ones seemed to be very small, at least for the selected B-type
star group.

Our sample of B-type stars in the QBpKJH vs. (Bp − Ks) diagram (top-right panel
of Figure 5) was located in the range −0.17 < QBpKJH < 1.0, where the lower limit
corresponded to the position of an F0 V-type star. This region could be compared with
that defined by Poggio et al. [63] in the (J − H) vs. (GDR2 − Ks). These authors made a
preliminary selection of OB candidates that satisfied both (J−H) < 0.14 (GDR2−Ks)+ 0.02
and (J − Ks) < 0.23 (GDR2 − Ks). The first condition could be expressed in terms of Q
as QJHGDR2K = (J − H) − 0.14(GDR2 − Ks) < 0.02. Then, by multiplying both sides by
(−0.14)−1, we obtained QGDR2KJH = (GDR2−Ks)− 0.07(J−H) > −0.14 which was similar
to the region defined for QBpKJH .

As was already mentioned in Section 2, the reddening vector in the QCD has a
horizontal direction (Figure 2), for this reason, the reddened B-type stars were overplotted
to A and F-type MS stars. This effect was more evident in the QJHK vs. (H − Ks) diagram
(bottom-right panel of Figure 5).

Finally, Figure 6 shows other examples of QQDs. Here, we find that in the QJHK vs.
QBpRpK (top-left panel) and QRpJK vs. QBpRpHK (bottom-left panel) diagrams, the loci of
the B-type stars were restricted to a small region around the coordinate point (0, 0):

−0.18 < QJHK < 0.01 and − 0.12 < QBpRpK < 0.18 (11)

−0.05 < QRpJK < 0.24 and − 0.6 < QBpRpHK < 0.7 (12)
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These relations could be used as possible criteria for selecting B-type stars. In particular,
the first diagram is very sensitive to the ISM reddening law, and it could also be helpful for
detecting stars with anomalous reddening.

On the other hand, the combination of parameters QJHK vs. QBpRpHK and QBpKHK vs.
QBpRpHK (right panels) were not convenient at all, since they mixed late- and early-type
stars. Notwithstanding, it drew attention to the fact that the B-type stars were located in a
very narrow line that was almost perpendicular to the reddening direction.
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Figure 5. Examples of the behavior of the Q parameter with the color indices. The red points represent
the loci of the “normal” B-type star of the sample [45–50]. The main sequence band (solid gray line)
was reddened considering AV = 1 mag for different RV coefficients: RV = 2.1 (pink dotted line),
RV = 3.1 (solid blue line), RV = 4.1 (orange dashed line), and RV = 5.1 (green dashed line). See the
text for details.
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points represent the loci of the “normal” B-type stars of the sample [45–50]. The main sequence band
was calculated using different RV coefficients: RV = 2.1 (pink dotted line), RV = 3.1 (gray solid line),
RV = 4.1 (orange dashed line), and RV = 5.1 (green dashed line). See the text for details.

4. B-Type Stars with Emission Lines

In the previous section, using several Gaia and 2MASS color–color, Q–color, and Q–Q
diagrams, we delimited regions where normal B-type stars locate. In this section, we
analyzed the location in the color–color, Q–color, and Q–Q diagrams of different kinds
of emission-line B-type stars with respect to the normal ones. Our goal was to be able
to find criteria that would allow us to separate among the diverse groups of stars with
emission lines.

To analyze the position of the emission-line B-type stars in the different diagrams,
we constructed our sample using stars classified by Lamers et al. [7], Kraus [12],
Miroshnichenko [14], Cidale et al. [20], Oksala et al. [22], Zorec et al. [45,46], Aidelman
et al. [47,48,49], Cochetti et al. [50], Clark et al. [64] and Guzmán-Díaz et al. [65]. In this
way, in addition to the 163 normal B-type stars already studied, our sample was composed
of 84 classical Be stars (CBe), 204 HAeBe and HAeB[e] stars, 33 LBVs, and 23 B[e]SGs. We
searched for Gaia and 2MASS photometric data, and, finally, we obtained a sample of 156
emission-line B-type stars. It was striking that only 34 HAeBe stars, among the 204 selected
stars, had photometric data in the Gaia EDR3 and 2MASS catalogs.
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4.1. Color–Color Diagrams for Emission-Line B-Type Stars

The Gaia and 2MASS color–color diagrams are shown in Figure 7. Again, the solid
gray line is the main sequence. The reddening vector (Av = 2 mag) is indicated in the
upper left. The cloud of red and cyan points are, respectively, the normal B and CBe stars.
Blue symbols are for HAeBes (and a few HAeB[e]s), orange triangles for B[e]SGs, and green
squares for LBVs. Symbols surrounded by black open circles correspond to stars with
accurate photometry. These stars satisfied the stated criteria (a), (b), and (c) in Section 3.1.
We distinguished two groups of CBe stars in all the plots. The first group behaved as normal
B-type stars do. These stars seemed to have small or no infrared excess. The second group
encompassed stars with a large color excess, sharing similar photometric characteristics
to some LBV stars. These CBe stars presented interstellar reddening and intrinsic color
excesses (because the reddening vector points toward a slightly different direction). The
large color excess observed in the last group of stars is discussed in Section 5. Particularly
interesting are the (Rp− Ks) vs. (Bp− Rp) and (J − Ks) vs. (Bp− Ks) diagrams (top-left
and top-right panels in Figure 7, respectively). These are very useful for searching for CBe
stars with large infrared excesses because the normal B stars distribute along a narrow and
well-defined band.

The best studied NIR color–color diagram in the literature is the (J − H) vs. (H − Ks)
(see Figure 7, middle-left panel). Even when the stars are affected by reddening, this
NIR two-color diagram permits separate LBVs from B[e]SG stars [22,23]. However, there
is still significant contamination between LBVs and HAeBe stars. This diagram also
allows distinguishing, although some mix is observed; the HAeBe stars from both the
CBe stars [66] and the B[e]SGs [23]. For illustrative purposes, two straight brown dashed
lines ((J − H) = 1.93(H − Ks)− 1.11 and (J − H) = 1.93(H − Ks)− 0.55) were plotted to
indicate the regions mostly occupied by each group of stars: LBVs, HAeBes and B[e]SGs.
Similarly, a (J − H) vs. (Bp − Ks) diagram (Figure 7, bottom-right panel) shows some
mixture between young and evolved emission-line stars.

A relevant result was the behavior of the two-color diagram (Bp− Rp) vs. (H − Ks)
(Figure 7, bottom-left panel), which separated groups of stars (but without recognizing
their evolutionary stages) in regions or bands of different color excesses. This behavior
was not caused by the reddening vector, which pointed almost perpendicularly to the
horizontal shift shown for the different groups of stars. Moreover, this color–color diagram
also separated the LBVs from the MS late-type stars. Similarly, the (Rp− J) vs. (J − Ks)
diagram discriminated, but to lesser degree, LBVs from the other groups. Although, it
seemed to gather groups of stars with different circumstellar reddening (Figure 7, middle-
right panel).

4.2. Q–Color and Q–Q Diagrams for Emission-Line B-Type Stars

As shown in Section 4.1, it was very difficult to delimit regions for HAeBe and B[e]SG
stars using two-color diagrams. Particularly, in all these diagrams, these two types of stars
were, to more or less degree, mixed. The same happened with the population of HAeBe and
LBV stars. Part of this degeneracy could be solved using the Q-color and Q-Q diagrams.

Figure 8 presents several examples of QCD. The top-left panel, QBpRpHK vs. (Bp− Rp)
located the LBVs over the line cut QBpRpHK = −4.5 (brown dashed line). Particularly,
the QJHK vs. (J − Ks) diagram (top-right panel) separated the different groups according
to the amount of IR emission. The greater the amount of hot dust, the higher the (H − Ks)
color index, which implied a more negative value for QJHKs = (J− H)− E(J−H)

E(H−Ks) (H− Ks).
In addition, the dashed brown lines at QJHK = −1.11 and QJHK = −0.55 represent,
respectively, the straight lines plotted on the (J − H) vs. (H − Ks) diagram. According
to this, there were three groups of HAeBe stars, one of them located between the main
sequence and the line cut QJHK = −0.55. It shared its properties with the LBV group of
stars. A second group was located within a region with −1.11 < QJHK < −0.55, while the
last group had properties similar to the B[e]SGs.
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Figure 7. Selected Gaia and 2MASS color–color diagrams for B-type stars with emission lines.
The main sequence was taken from Pecaut and Mamajek [61]. It was reddened using the extinction
law calculated by Fitzpatrick [59], applying AV = 1 mag and different RV values. Symbols represent
the normal B-type stars (in red), the CBe stars (in cyan), the HAeBes/HAeB[e]s (in blue), the LBVs (in
green), and the B[e]SGs (in orange). Black open circles point to stars with accurate photometry (see
Section 3.1). The reddening vector AV = 2 mag is indicated in the upper-left side of the plots.

The middle-left panel, QJKHK vs. (H − Ks), better separated HAeBes from B[e]SGs.
There, the HAeBe stars were more reddened than the B[e]SGs. It is also interesting to
note that in both QJHK vs. (J − Ks) and QJKHK vs. (H − Ks) diagrams, it was possible to
distinguish a group of five strongly reddened LBV stars as they were shifted horizontally
to the right.

The most interesting diagram was QBpJHK vs. (Bp− Ks) (middle-right panel), which
enabled identification of LBV, B[e]SG, and HAeBe stars from each other. Almost all LBVs
had QBpJHK > −7. The B[e]SG stars were also well-separated from HAeBe by the straight
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brown dashed line (QBpJHK = −4.33(Bp− Ks)− 0.57) drawn in the figure. However, in a
QRpJK vs. (J − Ks) diagram (bottom-left panel), both CBe and B[e]SG stars seemed to lie
on the same straight line (QRpJK = −1.99(J − Ks) + 0.08). Instead, the LBVs had values of
QRpJK > −1.7. The QBpKJK vs. (Rp− Ks) diagram showed similar behavior.
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Figure 8. Q-color diagrams of emission-line B-type stars. The main sequence was reddened applying
AV = 1 mag and different RV values (see Section 3 for details). Symbols represent the normal B-type
stars (in red), the CBe stars (in cyan), the HAeBes/HAeB[e]s (in blue), the LBVs (in green), and the
B[e]SGs (in orange). Black open circles point to stars that have accurate photometry (see Section 3.1).
The brown dashed lines delimit regions of stars that share similar properties.

Figure 9 illustrates several examples of QQD. LBVs and B[e]SGs which are clearly
apart from each other. In most of these diagrams, the HAeBe stars are also separate from
the B[e]SGs. For instance, on a QJHK vs. QBpRpHK diagram (top-left panel), most of the
LBVs lie on the right of the vertical line at QBpRpHK = −4.5 and above the horizontal
at QJHK = −0.55, thereby complementing information given in Figure 8 (top panels).
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In a diagram QJHK vs. QBpKJK (middle-left panel), the LBVs are inside a box delimited
by −4.8 < QBpKJK < −0.25, and −0.55 < QJHK < 0.11. In addition, it is also possible
to separate HAeBes from B[e]SGs through the line QJHK = 0.1 QBpKJK − 0.35. Finally,
the QJHK vs. QBpRpK diagram (bottom-left panel) shows similar behavior.

Concerning the panels on the right side, they show a greater mix between the group
of stars than the ones on the left side, e.g., in the QRpJHK vs. QBpKJK diagram (middle-right
panel), the LBVs have values of QRpJHK > −2.4, and the HAeBes and B[e]SGs can be
separated with the line QRpJHK = 0.48 QBpKJK − 1.4.
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Figure 9. Example of Q–Q diagrams for B stars with emission lines. The main sequence was reddened
applying AV = 1 mag and different RV values (see Section 3 for details). Symbols represent the
normal B-type stars (in red), the CBe stars (in cyan), the HAeBes/HAeB[e]s (in blue), the LBVs (in
green), and the B[e]SGs (in orange). Black open circles point to stars that have accurate photometry
(see Section 3.1). The brown dashed lines delimit regions of stars that share similar properties.

306



Galaxies 2023, 11, 31

5. Discussion

Traditionally, the positions of the stars in different photometric diagrams, or even
in the HR diagram, have been adopted as selection criteria to classify stars according to
their intrinsic properties, memberships in clusters or associations, variability types, etc.
In this work, we focused on studying various color–color diagrams, taking advantage
of the Gaia and 2MASS photometric surveys as powerful analysis tools to select and
classify B-type stars with and without emission lines. Notably, one would expect that
the NIR radiation excess emitted from gaseous and dust CEs of early-type stars would
show different properties according to their chemical composition (gas-to-dust ratio),
the absorption and heating mechanisms of particles, dust temperature, and the size of
dust grains. As each diagram has its own limitations, mainly because the colors are
affected by ISM, it was important to adopt multiple criteria. For this purpose, we also
analyzed different reddening-free Q parameters, since the method presents high confidence.
For instance, Mohr-Smith et al. [67] found that the extension of the Q method to the Sloan
filter system had a confidence of 97%. The study was based on follow-up spectroscopy of a
sample of OB stars selected in a previous study using the Q method [68].

In general, from the two-color diagrams of Figure 7, the HAeBe stars were very
difficult to separate from B[e]SGs or LBVs. The best option was the (J − H) vs. (H − Ks)
diagram that enabled distinguishing HAeBe from B[e]SGs [23], and LVBs from B[e]SGs [22],
delimiting particular regions through straight lines (middle-left panel). However, there was
still a substantial mixture between the HAeBe stars and the LBVs group (according to [23]).
This preliminary classification could be complemented by the information derived from
a (Bp− Rp) vs. (H − Ks) diagram that permitted, in addition, the identification of hot-
HAeBe and B[e]SG stars with strong intrinsic IR emissions and no reddening interstellar
excess. These stars were located within a region defined by 0 . (Bp − Rp) . 1 and
0.5 . (H − Ks) . 1.25. All this information could also be retrieved in the QJHK vs.
QBpRpHK diagram, where the straight lines, plotted on the JHKs two-color diagram, were
transformed into horizontal lines at QJHK = −0.55 and QJHK = −1.11. The box in the
(Bp−Rp) vs. (H−Ks) two-color diagram resulted in the range−12.4 . QBpRpHK . −3.96.
Furthermore, in this QQD the three groups of stars, that is the HAeBes, LBVs, and B[e]SGs,
were well separated from each other. According to Oksala et al. [22], the B[e]SGs were
surrounded by larger amounts of hot dust than the LBVs, whereas the LBVs hosted huge
amounts of cool dust at far distances.

We also recognized three kinds of HAeBe stars that presented different amounts of
NIR radiation excess. In all CCDs, QCDs, and QQDs, we observed a group of HAeBes
located in the same region as LBVs and some CBe stars. Figure 9 (top-left panel) shows that
this group of stars had QJHK > −0.55. The other two groups had −1.11 < QJHK < −0.55,
and QJHK < −1.11, respectively. The latter corresponded to HAeBe stars with significant
IR excess. Our result agreed with that found by Chen et al. [19] in a (J − H) vs. (H − Ks)
diagram. These authors noted that the majority of HAeBe stars were located in the region
of 0 < (H − Ks) < 2 and −0.2 < (J − H) < 2.0, which means −4.08 < QJHK < 2. Only a
small group of sources presented less or no infrared excess showing a similar distribution
as the majority of the CBe stars (−0.2 < (H − Ks) < 0.2 and −0.2 < (J − H) < 0.2), which
implied that −0.59 < QJHK < 0.59. Finally, they found sources that had very large infrared
excesses with (H − K) > 1.5. Sources with less excess IR radiation probably originated
from free ionized gas emissions. Instead, those sources with large excesses of IR radiation
were likely indicative of the influence of a bright nebulosity related to low temperatures or
mainly thermal emissions from the surrounding dust [4].

A somewhat similar result was achieved for the CBe stars. Our sample of CBe stars
encompassed bright Be field stars and Galactic cluster members. Among them, we recog-
nized two types of CBe stars. One group, with small near-IR excess, resembled the normal
B-type stars. The second group consisted of a few CBe stars (and a small group of stars
classified as normal B-type stars) with a moderate IR excess, sharing properties with the
LBVs. The latter could be better identified in the QCDs of Figure 8, particularly, in the
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QBpRpHK vs. (Bp− Rp) (top-left panel) and QBpJHK vs. (Bp− Ks) (middle-right panel)
diagrams. Zhang et al. [66] explained that a small radiation excess could be accounted
for by hot circumstellar plasma, but a larger IR excess would require thermal emission
from circumstellar dust. Lee and Chen [69] proposed that the dust grains were produced
by condensation in the expanding stellar atmosphere, and, therefore, the dust particles
should be very small in size to reprocess starlight efficiently. In contrast, the HAeBe stars
showed a very large infrared excess which arose from relatively large grains as part of
surplus star-forming materials. However, Rivinius et al. [5] asserted that dust had never
been found in the envelopes of Be stars and that it was precisely the presence of dust that
made it possible to distinguish a CBe from a HAeBe. As a consequence, stars with large
color excesses are likely misclassified and would not be CBe.

6. Conclusions

This work discussed the properties of different color–color diagrams and equivalent
Johnson’s reddening-free Q parameters built using a combination of the Gaia and 2MASS
photometry. Although the Q values were free from the ISM reddening effect, they still
showed a dependence on the reddening law in the sky region. Nevertheless, using ap-
propriate combinations of color indices, it was possible to minimize this effect among the
O, B, and A stars. Furthermore, by analyzing the different diagrams, we were able to
establish criteria to identify stars of spectral type B (Equations (8), (10) and (11)), as well as
to identify early-type stars with emission lines of different nature. Main selection criteria
are summarize in Table 3.

Table 3. Summary of classification criteria for normal B-type stars, LBVs, and B[e]SGs.

Normal B-Type Stars

QTeffD −0.1 ≤ QJKRpJ ≤ 0.05
−0.07 ≤ QHKBpRp ≤ 0.08
−0.11 ≤ QJHK ≤ 0.04

QCD −0.11 < QBpJRpK < 0.20∧−0.20 < (J − Ks) < 0.14
−0.60 < QBpRpHK < 0.50∧−0.30 < (Bp− Rp) < 0.40

QQD −1.8 < QJHK < 0.01∧−0.12 < QBpRpK<0.18
−0.6 < QBpRpHK < 0.7∧−0.05 < QRpJK < 0.24

LBVs

QCD QBpRpHK > −4.5
QJHK > −0.55
QBpJHK > −7
QRpJK > −1.7

QQD −4.8 < QBpKJK < −0.25∧−0.55 < QJHK < 0.11
QRpJHK > −2.4

B[e]SGs

QCD QJHK < −1.11
QBpJHK < −4.33 (Bp− Ks)− 0.57

QQD QJHK < 0.1 QBpKJK − 0.35
QRpJHK < 0.48 QBpKJK − 1.4

In addition to the well-known (J − H) vs. (H − Ks) color–color diagram, which
is an excellent dust tracer of circumstellar envelopes, we also found that the (Bp− Rp)
vs. (H − Ks) diagram could be used to identify emission-line B-type stars corrected by
interstellar reddening, but with strong intrinsic IR emission. Particularly interesting were
the (Rp − Ks) vs. (Bp − Rp) and (J − Ks) vs. (Bp − Ks) diagrams, as they might be
helpful to search for CBe stars with large infrared excesses, because the normal B-type stars
distribute along a narrow and well-defined band.
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The main advantage of the QCDs over the color–color ones was that the B-type stars
did not mix with the M-type stars, as shown, particularly in the QBpRpHK vs. (Bp− Rp),
and QBpJHK vs. (Bp − Ks) diagrams. Moreover, early-type stars that have anomalous
reddening, due to the presence of circumstellar envelopes, can be easily recognized. This is
because the effect of interstellar extinction causes stars of the same spectral types to shift to
the right of the diagram. At the same time, the presence of the circumstellar envelope makes
the Q value more negative (when using an IR color index). We suggest using different
selection criteria, such as those that arise from the QJKHK vs. (H − Ks) and QBpJHK vs.
(Bp− Ks) diagrams, to search for, and classify, B-type stars with emission lines. These
diagrams also allow the LBV stars to be well-recognized from HAeBes and B[e]SGs. In
addition, the region of the HAeBe stars can be separated from that of the B[e]SG stars by
a straight line. However, there was still significant contamination between HAeBes and
LBVs, that it would be desirable to get rid of when making source selections.

As was already stressed, QQDs are free from interstellar extinction, although they
are sensitive to anomalous reddening. However, the presence of a circumstellar envelope
produces a shift of the Q-values in a direction almost perpendicular to the effect of the
anomalous reddening. Then, the QQDs are powerful tools to identify stars with intrinsic
IR emission.

Using the Q parameters allowed us to recognize two classes of CBe stars. One group
resembled the normal B-type stars with small near-IR excess, and the other group had a
few objects showing moderate to large IR excess. This second group might show dusty
envelopes formed as a result of the evolution and would not be CBe stars. We also detected
three kinds of HAeBe stars. The first group had small IR radiation excess. Stars in this
group shared properties with CBe stars and LBVs. A second group showed a moderate
contribution from dust, and a third group showed a significant IR excess comparable with
the properties of B[e]SGs. All these groups need further study to understand their dust
grain properties and formation processes.

Thus, based on the location of the stars in different CCDs, QCDs, and QQDs, we
were able to state various selection criteria that allowed separating, as much as possible,
the diverse groups of B-type stars with a moderate and large IR excess (e.g., CBes, HAeBes,
LBVs, and B[e]SGs). Both the diagrams and stated criteria can be very useful tools for
automated designs of machine learning and optimal search algorithms.
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Abbreviations
The following abbreviations are used in this manuscript:

CE Circumstellar envelope
IR infrared
HAeBe Herbig Ae/Be star
PMS Pre-main sequence star
CBe Classical Be star
BSG B supergiant star
LBV Luminous Blue Variable star
B[e]SG B[e] supergiant star
unclB[e] unclassified B[e] star
NIR near infrared
CCD Color-color diagram
YSO Young Stellar Object
Gaia Global Astrometric Interferometer for Astrophysics mission
2MASS Two Micron All Sky Survey
QQD Q-Q diagrams
EDR3 Early Data Release 3
QCD Q-color index diagram
ISM Interstellar medium
Teff Effective temperature
Topcat Tool for OPerations on Catalogues And Tables
MS Main sequence

Notes

1 The color-excess ratio is
E(m1 −m2)

E(m3 −m4)
=

Am1 − Am2

Am3 − Am4

=
Rm1 − Rm2

Rm3 − Rm4

=
rm1 − rm2

rm3 − rm4

where Rma and rma are the relative absorption

coefficients referring to the color excess E(B−V), Rma = Ama /E(B−V), and to the extinction AV , rma = Ama /AV , respectively.
2 http://www.starlink.ac.uk/topcat/. The last accessed date is 2 January 2023.
3 https://extinction.readthedocs.io/en/latest/. The last accessed date was 2 January 2023.
4 Version 2019.3.22, in http://www.pas.rochester.edu/ emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt. The last accessed date

was 2 January 2023.
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Abstract: B supergiant stars pulsate in regular and quasi-regular oscillations resulting in intricate
light variations that might conceal their binary nature. To discuss possible observational bias in
a light curve, we performed a simulation design of a binary star affected by sinusoidal functions
emulating pulsation phenomena. The Period04 tool and the WaveletComp package of R were used
for this purpose. Thirty-two models were analysed based on a combination of two values on each
of the k = 6 variables, such as multiple pulsations, the amplitude of the pulsation, the pulsation
frequency, the beating phenomenon, the light-time effect, and regular or quasi-regular periods. These
synthetic models, unlike others, consider an ARMA (1, 1) statistical noise, irregular sampling, and a
gap of about 4 days. Comparing Morlet wavelet with Fourier methods, we observed that the orbital
period and its harmonics were well detected in most cases. Although the Fourier method provided
more accurate period detection, the wavelet analysis found it more times. Periods seen with the
wavelet method have a shift due to the slightly irregular time scale used. The pulsation period hitting
rate depends on the wave amplitude and frequency with respect to eclipse depth and orbital period.
None of the methods was able to distinguish accurate periods leading to a beating phenomenon
when they were longer than the orbital period, resulting, in both cases, in an intermediate value.
When the beating period was shorter, the Fourier analysis found it in all cases except for unsolved
quasi-regular periods. Overall, the Morlet wavelet analysis performance was lower than the Fourier
analysis. Considering the strengths and disadvantages found in these methods, we recommend
using at least two diagnosis tools for a detailed time series data analysis to obtain confident results.
Moreover, a fine-tuning of trial periods by applying phase diagrams would be helpful for recovering
accurate values. The combined analysis could reduce observational bias in searching binaries using
photometric techniques.

Keywords: methods: statistical methods: numerical; binaries: eclipsing; stars: oscillations (including
pulsations)

1. Introduction

Observational surveys of massive stars of spectral type O show that most are forming
binary systems [1–3]. Studies carried out in the region of 30 Dor also show that the binarity
frequencies among dwarf and giant B-type stars agree with those of the O-type stars [4,5].
However, in contrast with the high binary incidence among dwarf massive stars, binary
systems with B supergiant components are very rare. Barbá et al. [6] reported a noticeable
sharp drop in the number of spectroscopic binaries between the supergiants of spectral
types O9.7 and B0. These authors attributed this peculiarity to observational bias but
suggested also discussing the action of possible evolutive scenarios such as binary mergers,
binary disruptions, etc., to explain this effect.

314



Galaxies 2023, 11, 69

On the other hand, massive stars pulsate in regular and quasi-regular (strange modes)
oscillations (cf. [7]). They may show β Cephei type modes (low-order p and g modes)
and Slowly Pulsating B (SPB) type variability (high-order g modes) [8,9]. Strange modes
might also be excited with long periods, of the order of hours or days [10–13]. The pul-
sation mechanism is, in general, well understood (e.g., the κ mechanism, ε mechanism,
or strange-mode instabilities) but for other groups, such as the γ Dor stars, roAp stars,
and S Dor stars, no consensus has yet been reached [14]. These pulsations are revealed
by photometric variations that can be identified by asteroseismological methods, while in
the stellar spectrum, they generate variability in the broadening of the line profiles [15,16].
However, when pulsating stars are found in binary systems, their luminosity variations are
modulated by the orbital motion [17]. This is the light-time effect, equivalent to a periodic
Doppler shift of the pulsation frequency. Therefore, these effects generate complex patterns
in the light curves that could make it difficult to detect or estimate periods or even conceal
a binary detection.

The importance behind the detection of pulsating stars in massive binary systems
lies in their impact on the study of the mass discrepancy problem, the theory of stellar
interiors, and the verification of stellar evolution models [18], as they allow the masses of
each component to be measured accurately and independently.

The search for periodicities is one of the most basic tasks in time series data analysis.
It is a crucial feature for classifying variable stars and deriving stellar parameters. It
is usually solved using an estimation function called a periodogram. Various types of
periodograms are used in practice; for example, the Lomb–Scargle periodogram [19,20] is a
known algorithm for detecting periodic signals in unevenly and regularly sampled time
series. When periodic or quasi-periodic fluctuations arise in an interrupted or transient
event [21], the wavelet transform is well suited for detecting changes in the parameters
of signals due to its characteristic of focusing on a limited time interval of the data [22].
Nevertheless, the wavelet analysis is appropriate for time series with regular sampling.
Today this problem has been partially addressed since satellite missions (Kepler, TESS,
among others) provide photometric data of pulsating stars and binary systems with almost
fixed cadences of a few seconds or minutes. Hence, using techniques for regularly sampled
data is pertinent in this context [21,23–25].

On the other hand, it is well-known that power spectra can often be misleading.
The performance of many different methods for period detection and estimation in light
curves has been tested in the literature, for example by Graham et al. [26]. Those authors
examined a huge number of sources from three datasets (CRTS, MACHO, ASAS) and
ran the data through eleven different algorithms such as the Fourier transform, Lomb–
Scargle, phase dispersion minimisation, among others. The study of different observed
light curves showed that, at best, period-finding algorithms could retrieve the period of a
regularly periodic object with a reasonable degree of accuracy in only about 50% of cases.
However, the situation is much worse for stellar objects with semi-periodic, quasi-periodic
or multi-periodic variability; typically, only around 10–20% of the cases are the periods
successfully recovered, evidencing the low level of accuracy for most of the methods,
as shown in Figure 19 given by Graham et al. [26]. Although the authors performed an
excellent comparative study among many methods for period searching, it still has the
disadvantage that the authentic periods of the signal could be miss-detected because, even
when they are accurate, they might be inexact. Based on this weakness, it is necessary to
explore simulation designs for which the true values of the periods are known but compare
the performance of a method not analysed in the above work, such as wavelet analysis,
with the revisited Fourier analysis. This is the primary goal of the work.

In addition, one of the usual drawbacks when analysing observed data is the noise
level of the signal, which generates consequently noisy periodograms. Thus, specific peaks
in a periodogram might be spurious and not due to the presence of any real periodic
phenomena [27,28]. Other drawbacks can also arise, for example, when the sample data
are not evenly spaced in time. This situation is very frequent in the case of astronomical
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observations, where the data are out of phase in time due to various natural phenomena.
It is well known that these non-equispaced data produce the so-called alias [29], i.e., false
periods, where it is difficult to discern which peak of the periodogram is the real one and
which is its alias. Unfortunately, simple and rigorous methods are unavailable to solve
the alias discrimination task. In practice, we need to have prior information about the
phenomenon under investigation to discuss the number and reliability of the possible
periods. For example, for binary systems, the half period is often the most significant peak
in a periodogram [26].

In summary, for a thorough analysis of the light curves of massive stars, it is necessary
to have (i) a valid mathematical model to describe the time series, (ii) a period analysis tool
that supports the detection of variable frequencies, and (iii) a homogeneous time distribu-
tion of the data to ensure a stable solution. Although the Fourier transformation provides a
confident signal frequency spectrum, we often lose information about when this frequency
happens. An alternative method is the wavelet analysis [30–32] that allows searching for
local periods in a given window of time to obtain both frequency and time resolution.

In this work, we proposed to use a simulation design developed to study how different
periodic or quasi-periodic simulated phenomena are reproduced in a wavelet analysis
scalogram and a Fourier periodogram. For comparison purposes, we generated multi-
periodic synthetic light curves (with pre-fixed periods) for a binary system with a pulsating
companion. These synthetic models, unlike others, consider a statistical noise, a gap, and a
slightly irregular sampling. In addition, phenomena such as beating and light time effects
were also emulated. We obtained surprising and interesting results that will be useful in
future studies of the periodicities of light curves and which have possible implications for
the low incidence rate of binary systems among B supergiants.

Section 2 introduces the simulation design by detailing the variables and their features.
Section 3 briefly describes the time series analysis methods used. Section 4 shows the
results obtained from the wavelet and Fourier analyses. Section 5 discusses our results in
the context of the expected objectives and future work. Finally, Appendix A shows the
complete frequency list for each model and all the periodograms resulting from the Fourier
analysis. Appendix B shows the list of periods detected for the synthetic light curves with
the wavelet analysis and the power spectrum for each one.

2. Simulation Design

In statistics, the area of experimental designs is concerned with finding the design
that best helps to determine and study the factors that influence a given variable. There
are many different types of designs: the factorial, fractional factorial, block, Latin square,
and nested designs, among others [33,34]. Factorial designs are those in which experiments
corresponding to all possible combinations of the “levels” or values of the factors or
measurements of interest are carried out. The 2k designs are factorial designs with k factors
or variables for which only two levels or values are considered for each. These designs
with few values for each factor are often used when it is desired to determine which factors
are affecting a certain process or phenomenon. Extreme values of quantitative variables
(such as temperature or concentration) or extreme categories of qualitative variables (such
as the presence-absence of an attribute, among other possibilities) are considered for the
levels. This type of design makes it possible to determine which factors or variables really
influence the change or variation of the process or phenomenon. They are used in the first
stage of the study when many variables are known about a process, and it is desired to
determine its most influential factors. Once the relevant factors have been determined, it is
possible to move on to a more exhaustive design, which considers more levels or values for
each factor or even a more complex design. Each power-of-2 design considers 2k different
runs, which can be a considerable amount depending on the number k. Because it is not
always feasible to perform 2k experiments or runs, one can consider fractional factorial
designs (e.g., 2k−p), which consist of running only a fraction of the total amount of runs
given by 2k/2p. Therefore, it is important to optimally select this fraction. For this purpose,
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the fraction of the design is chosen in a way that allows obtaining a complete factorial
design when p factors are discarded, for instance, because they are considered negligible
after running the experiment. In this case, the number of factors p to be removed agrees
with the power p in the denominator of 2k/2p. This methodology is based on the belief
that if one considers a large number of variables, only a smaller number is relevant, and it
does not produce significant variations in the phenomenon. In a later step, the remaining
executions could be carried out to obtain a complete 2k design.

One of the most important uses of fractional factorial experiments is in factor-
screening1 [33,34]. Furthermore, one of the benefits of using a statistical methodology
is to be able to have hypothesis tests that will give us ways to quantify the significance of
the findings. In this work, a fractional factorial design was used to establish the models to
be simulated and underlined through Fourier and wavelet analysis. The design is detailed
in the following section.

Designs of Synthetic Light Curves

In this stage, instead of performing a real experiment, we considered using numerical
simulations of light curves to know in advance the result that we should find and thus
be able to make a diagnosis of the goodness of each of the methods, Fourier analysis
and wavelet analysis, to be used to detect periodicity. In the context of this research, we
performed the simulations of synthetic light curves of a pulsating star in an eclipsing
binary system. To build them, we used the photometric data of a known binary, HD 19,356,
obtained by the TESS (Transiting Exoplanet Survey Satellite) mission [35] with a temporal
resolution of 120 s and a gap of about 4 days. Then, to obtain the synthetic light curve,
we modelled the data with the software PHOEBE (PHysics Of Eclipsing BinariEs) [36,37],
adopting the orbital period of 2.87 days corresponding to the selected binary system [38].
The resulting synthetic curve, referred to as model No. 0, is shown in Figure 1. This model
will be the basis for the complete simulation design.
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Figure 1. Synthetic light curve of an eclipsing binary affected by ARMA (1, 1) noise.

As the time series of many physical processes show stochastic and auto-correlated
properties [39,40], we contaminated the synthetic curves with an ARMA (1, 1) noise [41].
Simulations of light curves with ARMA noise have already been used by authors such as
Caceres et al. [40,42] to study different phenomena, such as exoplanetary transits. Accord-
ing to these authors, autoregressive modelling is more effective after minimising systematic
variations due to instrumental or atmospheric conditions. Alberici [37] performed nu-
merical simulations of light curves with three different types of stochastic processes to
model noise: two stationary, a Gaussian process (white noise), an ARMA (1, 1) process
(dependent of the past), and a non-stationary GARCH (1, 1) process (also dependent of
the past). This author independently tested the Fourier and wavelet analysis and found
no difference among the diverse types of noise models when they were analyzed with the
same techniques.
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Therefore, according to Alberici [37] and Caceres et al. [40,42], we opted for using an
ARMA (1, 1) noise model, which has some dependence on the prior values, for the random
fluctuation of the star luminosity [40]. The ARMA processes were used in this work to
model the synthetic light curves, considered without systematic effects. The magnitude of
the variability of the ARMA process was determined at a low value for simplicity, and it
is left for future work to perform a study with higher variability of the noise process (i.e.,
where the variability of the luminosity could affect the detection of the binary star eclipse
or pulsations, for example).

Therefore, a simulation design was planned with six variables and two categories
(factors) each, defined as follows:

1. Beating phenomenon (X1).

Beating is the periodic variation in amplitude at a certain wave point due to the
superposition of two waves having slightly different frequencies fi and f j, producing a
time disturbance between constructive and destructive interference. For simplicity, we
considered two waves of equal amplitude, A, and wave number, k, but with slightly
different angular frequencies:

yi(x, t) = A cos(kx−ωit), yj(x, t) = A cos(kx−ωjt). (1)

The resulting wave is the sum of yi + yj, which gives

y(x, t) = 2A cos
(

ωi −ωj

2
t
)

cos
(

kx− ωi + ωj

2
t
)

, (2)

where
ω = 2π f . (3)

Simulations with and without beating phenomena were considered.

2. Period of the pulsation (X2).

In this variable, we explored the effects on the light curve considering regular pulsation
cycles with a period longer or shorter than the binary’s orbital period.

3. Amplitude of the pulsation with respect to the depth of the primary eclipse (X3).

Two categories were considered for this variable. The first is that the pulsation ampli-
tude is 20% of the depth of the primary eclipse, which we call a large amplitude. The second
is that the pulsation amplitude is 4% of the depth of the primary eclipse, referred to as a
small amplitude. The values of the amplitudes of the pulsations were chosen in this way
because they agree with those observed in TESS light curves of some pulsating binary
stars [43].

4. Number of pulsation periods (X4).

Scenarios where the light curve is affected by simultaneously one or two pulsation
periods were considered.

5. Light-time effect (X5).

This scenario considers a star in a binary system that pulsates sinusoidally with a single
frequency. Its luminosity varies with time as a consequence of this pulsation. However,
the orbital motion of the star leads to a periodic variation of the distance between the
observer and the star, so the phase of the observed luminosity variation also varies with the
orbital period [17]. The light-time effect leads to frequency multiplets in the Fourier spectra
for pulsating binary stars. To model this effect in our synthetic light curves, we relied on
the simplest case of a pulsating binary star with a circular orbital motion. Furthermore,
to emulate the splitting of the pulsation period, we proceeded to affect the curve with
three sinusoidal pulsations: the intrinsic pulsation frequency of the star and two additional
oscillation frequencies due to the light-time effect, where the spacing between each of them
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and the intrinsic frequency of the pulsation is equal to the orbital frequency (for more
details see [17]).

Let Po be the orbital period of the star and Pp the period of the pulsation, then the
multiple components of the luminosity variations will have the following frequencies:

f+ =
1
Po

+
1
Pp

, f− =

∣∣∣∣
1
Po
− 1

Pp

∣∣∣∣. (4)

Furthermore, the amplitudes and phases of the multiple components can be used to
derive meaningful information about the orbital elements and the radial velocity curve.
Scenarios with and without the light-time effect were considered in this work.

6. Quasi-regular pulsations (X6).

Let us now consider a set of harmonic oscillators. Periodic motion means that there
must be some time τ at which all the different oscillators have completed an integer number
of cycles, i.e.:

ω0τ = 2πn0,

ω1τ = 2πn1,

ω2τ = 2πn2,

. . .

(5)

This means that all nk are integers; therefore, the quotient ωi/ωj must be a rational
number. If, by contrast, it is irrational, any oscillator i or j might not complete an integer
number of cycles in the time τ, giving rise to quasi-periodic pulsations (QPP). This kind of
behaviour is a common feature in the solar atmosphere and flare stars where the flaring
energy is released by magnetic reconnection (cf. [44]). Quasi-periodic pulsations are also
observed in the α Cyg variables and are attributed to strange-mode oscillations [45,46].
A star oscillating with some periodic phenomenon would appear in a power spectrum as a
peak at precisely that frequency (Dirac-δ function). Otherwise, it will appear as a broader
(sometimes Lorentz-shaped) peak.

Simulations with and without quasi-regular periods were considered.
Since we have defined Xi variables (with i = 1, · · · , 6) and each has two levels or

categories, the total design is 26 = 64 models. Since the design is optimal, we can consider
only a fraction of the total design without losing information about the variables involved.
Thus, in this work, we analysed 26/21 = 32 models. The design parameter model is defined
in Table 1.

Table 1. Simulation design features. The table lists the phenomena, properties, and periods fixed to
simulate the pulsations in each model. The light-time effect and the beating phenomenon generate
periods that are labeled with the indices “t” and “b”, respectively. In all cases, these effects are present
only in the lowest pulsation period.

Model Beating
Phenomena

Light Time
Effect

Relation to the
Orbital Period

N◦. of
Pul.

Quasi-Regular
Periods

Amplitude a

[%]
Fixed Period Values c

[Days]

No. 1 Yes No Higher 2 Yes 20 3e–8.96b–10

No. 2 Yes No Higher 2 No 20 7– 7.70b–10

No. 3 Yes Yes Higher 1 Yes 20 3e–2.12t–4.42t–8.96b

No. 4 Yes Yes Higher 1 No 20 7–2.03t–4.86t–7.70b

No. 5 Yes No Higher 2 Yes 4 3e–8.96b–10

No. 6 Yes No Higher 2 No 4 7– 7.70b–10

No. 7 Yes Yes Higher 1 Yes 4 3e–2.12t–4.42t–8.96b

No. 8 Yes Yes Higher 1 No 4 7–2.03t–4.86t–7.70b
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Table 1. Cont.

Model Beating
Phenomena

Light Time
Effect

Relation to the
Orbital Period

N◦. of
Pul.

Quasi-Regular
Periods

Amplitude a

[%]
Fixed Period Values c

[Days]

No. 9 Yes No Lower 2 Yes 20
√

2–1.27b–1.6

No. 10 Yes No Lower 2 No 20 1.2– 1.32b–1.6

No. 11 Yes Yes Lower 1 Yes 20
√

2–0.94t–2.78t–1.27b

No. 12 Yes Yes Lower 1 No 20 1.2–0.84t–2.06t–1.32b

No. 13 Yes No Lower 2 Yes 4
√

2–1.27b–1.6

No. 14 Yes No Lower 2 No 4 1.2–1.32b–1.6

No. 15 Yes Yes Lower 1 Yes 4
√

2–0.94t–2.78t–1.27b

No. 16 Yes Yes Lower 1 No 4 1.2–0.84t–2.06t–1.32b

No. 17 No No Higher 2 Yes 20 3e–10

No. 18 No No Higher 2 No 20 7–10

No. 19 No Yes Higher 1 Yes 20 3e–2.12t–4.42t

No. 20 No Yes Higher 1 No 20 7–2.03t–4.86t

No. 21 No No Higher 2 Yes 4 3e–10

No. 22 No No Higher 2 No 4 7–10

No. 23 No Yes Higher 1 Yes 4 3e–2.12t–4.42t

No. 24 No Yes Higher 1 No 4 7–2.03t–4.86t

No. 25 No No Lower 2 Yes 20
√

2–1.6

No. 26 No No Lower 2 No 20 1.2–1.6

No. 27 No Yes Lower 1 Yes 20
√

2–0.94t–2.78t

No. 28 No Yes Lower 1 No 20 1.2–0.84t–2.06t

No. 29 No No Lower 2 Yes 4
√

2–1.6

No. 30 No No Lower 2 No 4 1.2–1.6

No. 31 No Yes Lower 1 Yes 4
√

2– 0.94t–2.78t

No. 32 No Yes Lower 1 No 4 1.2–0.84t–2.06t

a The pulsation amplitude is with respect to the depth of the primary eclipse. c e: Euler number.

3. Time Series Analysis Methods

Signals were differentiated into stationary and non-stationary. The first ones were
localised in the time since their frequencies did not vary. The spectral analysis of this type
of signal was carried out using the Fourier transform, which allows its decomposition
into infinite sinusoidal terms, transforming the signal from the time base to the frequency
base and back again. When switching from the frequency domain to the time domain,
valuable information is lost, which, due to the stationary nature of the signal, is irrelevant.
However, in non-stationary signals, i.e., those whose frequencies vary with time, the loss
of information becomes very relevant, and it is difficult to determine when a frequency
change occurs [47]. This is why wavelet analysis is presented as a tool to obtain a detailed
decomposition and reconstruction of signals with abrupt changes, using a multi-resolution
analysis with windows of a variable length adapted to the change in frequency of the signal.
This is the main property of the wavelet, as it minimises the computational cost of the
analysis by not needing infinite terms. Moreover, it improves the detail of the detection
by allowing the use of long time intervals in those segments where greater precision is
required at low frequencies and smaller intervals where information is required at high
frequencies. Unlike Fourier, where the basis functions are sines and cosines of infinite
length, in the wavelet analysis, the basis functions are localised functions in frequency
and time [48]. Thus, they are a suitable method for studying quasi-regular, transient and
discontinuous phenomena, such as light curves of binary stars.

The software used to carry out data analysis are detailed below.
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3.1. The Period04 Tool

The Period04 tool [49] is a hybrid program, written in Java and C++, dedicated to the
statistical analysis of large astronomical time series which contain gaps or missing data over
a significant time interval. The program allows the extraction of individual frequencies
from the multi-periodic content of the time series through an analysis based on the Discrete
Fourier Transform (DFT). The light curves were fitted using the formula:

χ(t) = Z + ∑ Ai sin[2π( fit + φi)], (6)

where Z is the zero-point, Ai is the amplitude, fi is the frequency, and φi is the correspond-
ing phase.

3.2. The WaveletComp Package

WaveletComp is an R package [50–52] for continuous time series analysis based on
the Morlet wavelet family [32]. This family of wavelets leads to a wavelet transform of the
time series. The transform can be separated into real and imaginary parts, thus providing
information about the local amplitude and instantaneous phase of any periodic process
over time.

The Morlet “mother” wavelet [32], in the version implemented by WaveletComp, is:

φ(t) = π−1/4eiωte−t2/2. (7)

In this frame, the angular frequency ω is set to 6 [51], therefore the relation between the
wavelet scale, a obtained with wavelet analysis, and the “equivalent Fourier period” [53] is
given by:

1
f
=

4πa
ω +
√

2 + ω2
, (8)

where
1
f
∼ 1.033 a if ω = 6.

This correction is given directly by the WaveletComp package.
The Morlet wavelet transform of a time series f (t) is defined as the convolution of

the series with a set of “daughter wavelets” generated by the mother wavelet through
translations in time, τ, and dilatations in frequency, a, being:

W(τ, a) =

∞∫

−∞

xt
1√
a

φ∗(
t− τ

a
), (9)

where φ∗ denotes the complex conjugate function.
The local amplitude of any periodic component of the series can be expressed as:

Ampl(τ, a) =
1
a
|W(τ, a)|. (10)

Then, the square of the amplitude can be interpreted as the energy density of the wave
in the time-frequency domain and is called the wavelet power spectrum:

Power(τ, a) =
1
a2 |W(τ, a)|2. (11)

This power spectrum is represented by a scalogram, see Figure 2, where a color code,
from blue (low power) to red (high power), is used to indicate the power spectrum range.
Maximum probability values are represented with black lines. White lines delimit proba-
bility regions with a 0.1 significance level against a white noise null. The WaveletComp
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package returns by default a scalogram whose axes are period vs index (ordinate and
abscissa, respectively), where index refers to the amount of data in the time series and is
directly related to the time axis of the series. More information can be obtained from the
average wavelet power over time, which will depend on how many cycles a certain period
completes in the series and not only on the magnitude of the wavelet power. The red curve
represents values with a significance level less than or equal to 0.05, all of which differ
from white noise. The values with the highest average powers indicate the most relevant
periods for the signal. A practical example of wavelet analysis for multi-periodic time
series with periods 30, 38, and 80 is shown in Figure 2. Periods 30 and 38 generate a beating
effect in the series due to their proximity. All periods with higher power are detected with
solid black lines in the scalogram, and the significance decreases towards nearby periods.
The color code on the right-hand sidebar indicates a higher significance for the period 30
and decreases until the period 80 (see central panel). This is due to the number of cycles
each period completes in the time range of the series. In the right panel, on the average
wavelet power plot, periods 30 and 38 are more difficult to identify individually, unlike
period 80, although they show a striking feature in the scalogram over the entire timeline
identifying the presence of the beating. The results show the mixing effect produced in
power obtained with the wavelet analysis for nearby periods. In agreement with the power
spectrum, the maximum average wavelet power is around period 30 and decreases for
longer periods.

0 200 400 600 800 1000

−3

−2

−1

0

1

2

3

Time

X
(t

)

0.00

0.02

0.13

0.38

1.49

W
avelet pow

er

30
38

80

110

P
er

io
d

200 400 600 800 1000
Index

0.05

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Average Wavelet power

30
38

80

P
er

io
d

Figure 2. Example of applying wavelet analysis for a multi-periodic time series. Left panel: sinusoidal
series with periods 30, 38, and 80. Central panel: Scalogram or wavelet power spectrum of the series.
The top in the color code indicates a higher significance for periods. Periods with a higher power
are detected with solid black lines. Right panel: average wavelet power of the series in logarithm
scale. In this diagram, the beating periods 30 and 38 are more difficult to identify individually, unlike
period 80, but they show a striking feature in the scalogram. Although all the periods represented in
red have a significance level less than or equal to 0.05, the most relevant ones, about 30, 38, and 80,
are the three highest average wavelet power. They were obtained using the WaveletComp Monte
Carlo sampling-based test.

Estimating the spectral power using the continuous wavelet transform of a non-
periodic time series can generate false spectral structures at the beginning and the end of
the wavelet spectrum [54]. This is a known problem in the periodogram analysis caused
by replacing the integrals over an infinite continuous signal by finite sums [55]. The “zero
padding” method is used to solve this problem, which completes with zero values on
both edges of the time series after a sample mean is removed. Then, the wavelet spectrum
is estimated [53,54]. One of the drawbacks of applying this method is that it produces
discontinuities at the edges of the wavelet spectrum. The region of the wavelet spectrum
where padding effects become important is known as the cone of influence (COI) [53].
Therefore, the portions of the wavelet spectrum between the time axis and the COI should
be considered unreliable because statistical significance tests in that region cannot be
trusted [53,56]. Additionally, wavelet analysis performed with the WaveletComp package
can only produce accurate results if the time series is equispaced.
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3.3. Period Detection Criteria

To identify the periods detected with both tools in the synthetic light curves, the fol-
lowing selection criteria were established:

• For the wavelet analysis, each light-curve model was separated into two parts because
they present a discontinuity (or a gap) in the time sequence (see Figure 3). For all peri-
ods that showed a maximum average wavelet power greater than 10, the mean value
of each period across time and its standard deviation were calculated as suggested by
Roesch and Schmidbauer [51]. The latter was used as a measurement uncertainty of
the period. They were considered more or less significant according to the color code
of the scalogram, even those outside the cone of influence, since there is a significant
improvement in the reconstruction of the light curves when considering those periods
as well [37]. The period’s harmonics were identified for all independent periods.
For the harmonics of the orbital period, we searched for the values included in the
intervals with endpoints given by Ph ± FWHM/2 (see Table A2), where Ph is an
harmonic in the Model No. 0 and FWHM/2 =

√
2 log(2) ∗ σPh , being FWHM the full

width at half maximum of a normal distribution with standard deviation σPh at any
expectation value.

• In the Fourier analysis, frequencies with a signal/noise ratio≥ 5 were selected [57]. Then,
the uncertainties of the frequencies were calculated following a nonlinear least squares
fitting procedure available in the software [49]. According to Bognár, Zs. et al. [58]
and Lenz and Breger [49], we accepted a peak as a combination of frequencies if
the amplitudes of the main frequencies were greater than that of their presumed
combination term and the difference between the observed and predicted frequency
was not greater than the Rayleigh resolution criterion of the data sample. Once the
independent frequencies were selected, we reported the corresponding periods.

4. Results

Each synthetic light curve generated with the design model of Table 1 is shown in
Figure 3. These curves were analysed using the wavelet and Fourier analysis. To give a
detailed description of the results obtained and how they are interpreted, we selected a
group of four models with specific characteristics in common and compared them with
Model No. 0 (shown in Figure 1). For the remaining 28 models, we will comment on the
general results obtained, following the same analysis criteria. The results for the complete
set of models are in Appendices A and B.

Table 2 lists the independent periods detected for Models No. 0, 1, 5, 17, and 21 with
each method and their corresponding errors. Among these five models, the magnitude
of the pulsation amplitude, the presence or absence of the beating phenomenon, and the
values of the pulsation periods vary. The respective wavelet power spectrum, average
wavelet power, and periodograms are illustrated in Figures 4 and 5.
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Figure 3. Synthetic light curves obtained from the simulation design. The model number is placed
according to the list in Table 1.
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Table 2. Comparison of Models No. 0, 1, 5, 17 and 21 with similar properties. The independent
periods detected with wavelet (w) and Fourier (F) analysis are provided and their corresponding
errors. For the periods obtained with the wavelet analysis, the weighted average with respect to the
amount of data for each part of the curve is listed.

Model
Input Period

[Days]
Amplitude

[%]
Detected Period (w)

[Days]
Detected Period (F)

[Days]
No. 0 2.87 · · · 2.790 ± 0.051 2.878 ± 0.003

No. 1 10
8.96
3e

2.87

20
· · ·
· · ·

7.852 ± 0.036
2.787 ± 0.061
1.147 ± 0.105

12.911 ± 0.001
9.262 ± 0.013

· · ·
2.878 ± 0.003
1.106 ± 0.002

No. 5 4
· · ·

7.865 ± 0.046
2.812 ± 0.048

· · ·

9.467 ± 0.003
· · ·

2.859 ± 0.003
1.100 ± 0.001

No. 17
10
3e

2.87

20
· · ·

7.928 ± 0.061
2.809 ± 0.067
2.506 ± 0.058
1.139 ± 0.103

10.144 ± 0.004
· · ·

2.859 ± 0.001
· · ·

1.106 ± 0.002

No. 21 4
· · ·

7.924 ± 0.062
2.803 ± 0.053

· · ·

10.144 ± 0.018
· · ·

2.878 ± 0.004
1.103 ± 0.001

For Model No. 0, the wavelet and Fourier analysis recognises the binary’s orbital
period as a fundamental frequency and finds its harmonics. The wavelet scalogram for both
parts of the curve shows a structure (seen as “faces”) at the position of the minima of the
light curve, also reproducing the eclipses of the binary (compare the timeline and structures
of Figures 1 and 4). However, the period detected by the wavelet tool is systematically
slightly shorter than the original orbital period. This shift could be related to the fact that
the time scale, adopted from a TESS light curve observation, is not completely equispaced.

When examining the wavelet power diagrams for Model No. 1, we noticed some differ-
ences from Model No. 0, particularly in the features that identify the eclipses. For example,
it loses detail in finding harmonics with periods 1.43 and 0.95 days, maybe due to the size
of pulsation amplitude (20%). Even so, it finds the binary 2.87 days period with an error of
0.09, although in the second part of the curve and with much lower power than in Model
No. 0. Additionally, a period of about 1.15 days is found, and its trace shows a sinusoidal
modulation in the scalogram. Although it could be a spurious value, we associated this
period as an independent value, likely with a harmonic of 8.96 or 10 days (8× 1.15 = 9.2),
where the value 8.96 days were artificially introduced to obtain the beating. However, this
shift could be due to three near pulsation periods: 3e, 8.96, and 10 days. Furthermore,
a period of 7.852 days is also present with high power and could be related to the 3e days
period. Even though the wavelet analysis does not find those exact values, the software
likely detects the presence of significant periods in that range.

Model No. 5 is affected by the same pulsation periods as Model No. 1 but with a
smaller amplitude. Therefore, the model’s scalogram and power diagram show a lower
significance, but the same periods and scalogram features are maintained. As shown
in Figure 2, the wavelet analysis performed with the WaveletComp package presents
complications in differentiating nearby periods, particularly cases with a beating, such as
Models No. 1 and 5, resulting in an intermediate value.
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Figure 4. Results of the wavelet analysis for Model No. 0, 1, 5, 17, and 21. From left to right,
the wavelet power spectrum and the average wavelet power for the second part of each synthetic
light curve.
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Figure 5. Periodograms obtained for the models No. 0, 1, 5, 17, and 21.
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When analysing Model No. 17, we observed that the structures present in the scalo-
gram are very similar to those of Model No. 1, both with a pulsation amplitude of 20%
with respect to the depth of the primary eclipse. Since they share two periods, the 7.9 days
period and the harmonic of 1.15 days, they could be related to the periods of 3e and 10 days.

Finally, the scalogram and average wavelet power of Model No. 21 is very similar to
that found in Model No. 5 since they share two pulsations with amplitudes of 4%. However,
in this case, it detects the binary period and another with a 7.92 days period, but with lower
power than in Model No. 5.

The periodograms resulting from the Fourier analysis show remarkable similarities be-
tween the models affected by low-amplitude pulsations regardless of the periods involved.
This is particularly seen in models No. 5 and 21. At the same time, slight variations are
observed with respect to model No. 0. The pattern changes markedly for models No. 17
and 21, as seen in Figure 5). A similar situation occurs with models No. 6–8.

Quasi-periodic oscillations decrease the power of detection of the Fourier Transform
method, tending not to detect them. The Period04 tool accurately sees the fundamental
frequency of the binary orbital motion (Porb = 2.87± 0.01 days) and its harmonics in all
cases. However, it observes two pulsation periods with a significant error close to P = 10
days, detected as 9.26 days and 12.9 days in Model No. 1 and 9.47 days in Model No. 5.
The 9.26 days (or 9.47 days) period could be likely related to the beating phenomenon with
P = 8.96 or the pulsation with P = 10 days, or a mix of both. This is supported because,
for example, the period 9.26 days also appears in Model No. 2 (see Appendix A) that has
regular oscillations (with P = 7 days and P = 10 days, and a beating of 7.7 days), but in this
case, the period 7 days is inexactly seen as P = 6.657 days (see also Model No. 6). Similarly
to the wavelet analysis, a period of 1.1 days ( f = 0.9036 days−1) is present in Models No. 1
and 17. Models with the same set of parameters but low amplitude oscillations (i.e., Models
No. 5 and 21) behave similarly. Model No. 21, similar to Model No. 17, detects an accurate
period for P = 10 days.

Generally, the orbital period is well-detected in most models with Fourier analysis;
only a few detect half of the period (i.e., Models No. 4, 11, 20, and 27). These models
present regular oscillations with short periods or have a quasi-regular period

√
2. The latter

is similar to the half-orbital period. Models with quasi-regular pulsations show more
dispersion of values, mainly when the time light effect is included. The Fourier analysis
finds all periods in 14 models (Models No. 10, 12, 14, 16–19, 21–23, 26, 28, 30 and 32), 9 of
which have low pulse amplitude (4%).

On the other hand, the wavelet analysis found the binary’s period satisfactorily,
although it underestimated the value with an average of 2.81 days (of 31 models), which
suggests a period shift of 0.06 days. Concerning the rest of the periods, this method found
an equal or smaller number of periods than the Fourier analysis. Although the mean value
has a systematic error, its variance is similar to that obtained with the Fourier method. It
detected a few periods, mainly in models with low pulsation amplitude and where the
period values coincide with a harmonic of the binary’s orbital period. However, it found
all periods in four models (Models No. 17, 18, 26 and 28). These have a high pulsation
amplitude (20%) and absence of beating phenomenon.

A comparison of the methods is shown in Figure 6. The boxplots of the hit ratios of
all the prefixed periods obtained by wavelet and Fourier analysis are in the left and right
panels, respectively. We see that the median percentages (thick black line inside the box)
are much lower for the wavelet analysis (<0.4) than for the Fourier analysis (about 0.8).

Figure 7 presents a boxplot comparison for both techniques, of the hit ratio segmented
by the categories of five of the variables included in the simulation design: beating phe-
nomenon (X1), period of the pulsation (X2), amplitude of the pulsation (X3), number
of pulsations periods (X4), quasi-regular pulsations (X6), calculated with a wavelet and
Fourier analysis, respectively. Since we were dealing with the half-model design, the result
does not provide information about one variable.
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Regarding the results obtained for the wavelet analysis, we can observe that the
variable that influences its performance the most is the pulsation amplitude. At low
amplitude, it is difficult to detect the intrinsic period of the model. The presence of the
beating phenomenon and the fact that the period of the pulsation is quasi-regular also have
some influence. The hit ratio increases when the pulsation period is greater than the orbital
period and when there is more than one pulsation (see Figure 7). The analysis of the variance
of the percentage of hits of a quasi-periodic oscillation with a large pulsation amplitude (i.e.,
20%) finds the period only the 55% of the time. While for a regular oscillation, it detects the
period 85% of the time. Instead, if the pulsation amplitude is low, it finds the period about
30% of the time in both cases. Quasi-regular or regular period detection is also affected
by their interaction with the orbital period, depending if they are shorter or longer than it.
The regular period detection rate varies from 60% (for shorter periods) to 50% (for longer
periods) and for quasi-regular periods from 65% to 30%.

Unlike wavelet analysis, Fourier analysis is unaffected by the pulsation amplitude.
The proportion of detected periods (an approximate value) increases if the period pulsation
is longer than the orbital one, but they are more accurate when it is shorter (see Figure 7).
The presence of beating and quasi-period decreases the detection capability a little. In both
cases, the medians (thick black line in the box) is about 75%, which changes to 100%
without the phenomenon. From an analysis of the variance of the hit ratio, we obtain
that if the pulsation period is shorter than the orbital period, the presence of the beat
phenomenon improves period detection (70% vs 80%). Otherwise, if the pulsation period is
longer, the presence of this effect worsens it (95% vs 75%). Quasi-regular or regular period
detection is also affected by their interaction with the orbital period, depending if they are
shorter or longer than it. The period detection rate for regular oscillations varies from 100%
(for shorter periods) to 80% (for longer periods) and for quasi-regular periods from 50% to
85%. For pulsation periods longer than orbital periods, the performance is similar.
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Figure 6. Comparison between the proportion of correctness of the original period obtained by
wavelet (cyan) and Fourier (grey) analysis. The thick solid black line represents the median of the
data, and the red symbol stands for an outlier or extreme value.
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Figure 7. Boxplots of hit ratio of the original periods with the wavelet (cyan) and Fourier (grey)
analysis for each variable involved. The thick solid black line represents the median of the data,
and the red symbol stands for an outlier or extreme value. The hit rate is on the y-axis and the
two categories (indicated by −1 and 1) for each variable are shown on x-axis: beating phenomenon
(absence/presence), period of the pulsation (minor/major), amplitude of the pulsation (4%, 20%),
number of pulsations periods (1/2), and quasi-regular pulsations (absence/presence).

5. Discussion and Conclusions

It is widely known that power spectra can be misleading and frequently lead to
inaccurate conclusions. For this reason, many works present a comparative analysis of
popular algorithms applicable to period searching. Sometimes the study of one particular
light curve with various numerical methods resulted in a high dispersion or undetected
periods as reported by Graham et al. [26] and Distefano et al. [59].

The objective of the current work was to evaluate the response of two methods, based
on the Morlet wavelet function and continuous Fourier transform, in the production of
bias, alias, or shifts in period detection using a simulation design with pre-fixed and known
periods. For this purpose, we performed a simulation design of synthetic light curves of
a pulsating star in an eclipsing binary system with an orbital period of 2.87 days. It is a
2k−p-statistical design with k = 6 variables, in which the beating phenomenon and the
light-time effect were considered. Of the total design method, only one-half was executed.
The 32 time series models were analysed using the WaveletComp and Period04 tools.
Although many time series analysis tools are available, the application of such a large
simulation design to more than two techniques would be unattainable.
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The obtained synthetic light curves, shown in Figure 3, present similarities with the
light curves of pulsating binary stars obtained with the TESS mission (see Figure 8) in
shape and cadence. Among them, we can highlight the similarity between HD 152,248
with model No. 9, TIC 80,042,405 with model No. 27, and TIC 97,467,902 with models with
low amplitudes with respect to the depth of the primary eclipse (models No. 5–8, 13–16,
21–24, 29–32).
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Figure 8. Light curves obtained by TESS of pulsating binary stars.

Comparing both applied methods, we observed that the orbital period and its har-
monics were well detected in most models. Even though the Fourier method provided
more accurate period detection, the wavelet analysis found it more times. When estimating
the orbital period, the WaveletComp package trends to provide a low period value or
period shift of approximately 0.06 days in all the models, but this has a similar dispersion
to the orbital period obtained from the Fourier analysis. In agreement with this finding,
Foster [22] also reported through numerical simulations that for a simple sinusoid, the max-
imum frequency obtained with wavelet analysis has an offset with respect to the signal
frequency, which can be compensated. This author also commented that under irregular
sampling, the detection of the period by the wavelet analysis varies with time, making it
difficult to give an exact value of the same, especially with the increase in missing data
in the sampling, which can reach up to 20% at high frequencies or find spurious periods
at low frequencies. Although we considered “almost” a regular sampling, it may be that
some of the still sampling irregularity present in the timeline scale selected from TESS
observations has affected the performance of the WaveletComp package.

As shown in the previous section, pulsation amplitude is a very powerful variable in
period detection. In the case of the wavelet analysis, more satisfactory results are found re-
covering the periods of the pulsations with large amplitudes. On the other hand, the Fourier
analysis did not show difficulties in recognising the periods when the amplitude is low,
but they were detected with significantly lower power than models with large amplitudes.

Neither tool was able to distinguish accurately the periods leading to a beating phe-
nomenon when they were longer than the orbital period, resulting in both cases in an
intermediate value. However, when the beating was formed by periodic pulsations shorter
than the orbital period, the Fourier analysis found it in all cases, but quasi-regular periods
remained unresolved. Concerning the beating period

√
2, it is necessary to remember

that this period coincided (unfortunately, but possible in a real scenario) with the first
harmonic of the selected orbital period of 1.43 days. Therefore, when a value of 1.4 days
was detected, it was considered the harmonic of the orbital period. If the values set in the
simulation design were unknown, it would be impossible to distinguish between them.
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The same holds for the 0.94 days period. By analogy, wavelet analysis does not detect these
periods either.

Finally, the wavelet power spectrum revealed in all models a particular structure
located at the position of the primary eclipses of the binary in the synthetic light curve, even
showing the instant of time in which they occur. Then, if a similar structure is found in a
real data set, it could indicate binarity. In addition, as mentioned before, several harmonics
of the orbital period were detected by both tools, which is also an indicator of binarity.

In general, the Fourier analysis by means Period04 tool had a higher proportion of pe-
riods correctly and accurately detected than the analysis performed with the WaveletComp
package. However, the discrepancy could be attributed to the less information available
in the latter when performing the period analysis since splitting the light curve into two
parts was necessary. Despite the high cadence, the TESS data outside the large gap also
present a slightly irregular sampling, which affects the analysis. Furthermore, this package
uses a somewhat coarse resolution level, preventing it from accurately determining the
periods encountered. Foster [22] also found some kind of asymmetry in period detections,
with more values at low frequencies and suppression at high frequencies.

Considering the period hit rate analysed using synthetic light curves for eclipsing
binaries, a bias in detecting some pulsation periods (beating phenomenon and light time
effects) in multi-periodic light curves would be expected. The hit rate depends on the
amplitude and frequency of the pulsation with respect to eclipse depth and orbital period.
The situation would be more unfavourable for purely elliptical double stars, partial eclipses,
or systems influenced by the gravitational attraction of a third body that might behave
similarly to a sinusoidal pulsation. In some cases, only a light modulation could likely
be acting because the binary orbit is not aligned with the observer’s direction. In these
cases, the period hit rate would be lower, masking the binary detection, for example,
among B supergiants.

Although the recovery of all pre-fixed periods was not feasible using WaveletComp
and Period04, valuable insights were obtained regarding how each technique responds
to the various modelled situations. For instance, we observed that WaveletComp can
only detect an intermediate value when confronted with two close periods due to the
poor spectral resolution of this package. Additionally, we have noted that Period04 fails
to recognise quasi-regular periods, but has good accuracy in detecting high-frequency
oscillations. Furthermore, we found with both tools structures that indicate binarity (in
the periodograms and scalograms), information that will be very useful when performing
these analyses on the light curves of binary star candidates, among other findings.

Considering the advantages and disadvantages of the techniques analysed, we recom-
mend using at least two diagnosis tools to conduct a detailed analysis of time series data
to obtain confident results. Additionally, a second criterion should be considered to test
the accuracy of the found frequencies or periods since the methods might find a harmonic,
inaccurate period, or spurious value. Particularly, the wavelet method might predict only a
harmonic of the true period. Since approximated values were detected with at least one
method, a fine-tuning of trial periods around a certain percentage of its value, by applying
phase diagrams, would help to recover accurate values.

Evaluating the behaviour of other tools based on wavelets that do not have this
weakness (e.g., Weighted wavelet Z-transform (WWZ) [22]) is one of the goals to follow.
This method also enables an improvement in the resolution of the period searches, allowing
a high degree of accuracy. In addition, considering even more realistic models or observed
light curves that present a gap and time-varying periods would allow us to take full
advantage of the main feature of wavelet analysis.
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Appendix A. Fourier Analysis Results

For each synthetic light curve, the frequencies with a signal/noise ratio ≥ 5 and their
errors, are listed in Table A1. The fixed listed periods of the design models are listed in
column 2. It does not include the period of the binary system (2.87 days) present in all the
models, except for model No. 0, where is the only period present. Columns 3 and 4 list
the frequency and the corresponding period in days. Column 5 indicates the independent
frequencies found and the linear relationship among them. The respective periodograms
are shown in Figures A1 and A2.

Table A1. Fourier analysis results reporting the significant frequencies and harmonics. The detect
independent frequencies are highlighted in blue. The symbol e is the Euler number.

Model Fixed Period Values [Days]
Frequencies

[Days−1]
Indep. Period

[Days] Comment

No. 0 2.87 0.6970 ± 4 × 10−4 ∼ 2 f1
0.3473 ± 4 × 10−4 2.878 ± 3 × 10−3 f1
1.3941 ± 3 × 10−4 ∼ 4 f1
1.0467 ± 6 × 10−4 ∼ 3 f1
2.0912 ± 7 × 10−4 ∼ 6 f1
1.7419 ± 5 × 10−4 ∼ 5 f1
2.4386 ± 1 × 10−4 ∼ 7 f1
2.7883 ± 2 × 10−4 ∼ 8 f1
3.1380 ± 1 × 10−4 ∼ 9 f1
3.4824 ± 3 × 10−4 ∼ 10 f1

No. 1 3e–8.96–10 0.1079 ± 2 × 10−4 9.262 ± 1.3 × 10−2 f1
0.9036 ± 3 × 10−4 1.106 ± 2 × 10−3 f2
0.3473 ± 4 × 10−4 2.878 ± 3 × 10−3 f3
0.6970 ± 4 × 10−4 ∼ 2 f3
1.3941 ± 5 × 10−4 ∼ 4 f3
1.0467 ± 6 × 10−4 ∼ 3 f3
2.0935 ± 7 × 10−4 ∼ 6 f3
1.7438 ± 7 × 10−4 ∼ 5 f3
2.4409 ± 9 × 10−4 ∼ 7 f3

2.7883 ± 1.1 × 10−3 ∼ 8 f3
0.0774 ± 1.3 × 10−3 12.911 ± 1 × 10−3 f4
3.1380 ± 1.6 × 10−3 ∼ 9 f3

No. 2 7–7.70–10 0.1079 ± 2 × 10−4 9.262 ± 1 × 10−3 f1
0.6970 ± 3 × 10−4 ∼ 2 f2
0.3473 ± 3 × 10−4 2.878 ± 1 × 10−3 f2
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Table A1. Cont.

Model Fixed Period Values [Days]
Frequencies

[Days−1]
Indep. Period

[Days] Comment

1.3941 ± 4 × 10−4 ∼ 4 f2
1.0467 ± 5 × 10−4 ∼ 3 f2
2.0935 ± 6 × 10−4 ∼ 6 f2
1.7438 ± 6 × 10−4 ∼ 5 f2
0.1502 ± 6 × 10−4 6.657 ± 2 × 10−3 f3
2.4409 ± 8 × 10−4 ∼ 7 f2
2.7883 ± 9 × 10−4 ∼ 8 f2

No. 3 3e–2.12–4.42–8.96 0.1173 ± 2 × 10−4 8.521 ± 1 × 10−3 f1
0.3497 ± 3 × 10−4 2.859 ± 1 × 10−3 f2
0.2182 ± 3 × 10−4 4.581 ± 1 × 10−3 f3
0.6970 ± 3 × 10−4 ∼ 2 f2
0.4717 ± 3 × 10−4 2.179 ± 2 × 10−3 f4
1.3941 ± 4 × 10−4 ∼ 4 f2
1.0467 ± 5 × 10−4 ∼ 3 f2
2.0935 ± 6 × 10−4 ∼ 6 f2
1.7438 ± 6 × 10−4 ∼ 5 f2
2.4385 ± 8 × 10−4 ∼ 7 f2
2.7883 ± 9 × 10−4 ∼ 8 f2

0.0821 ± 1.2 × 10−3 12.173 ± 1 × 10−3 f5

No. 4 7–2.03–4.86–7.70 0.1338 ± 2 × 10−4 7.475 ± 1 × 10−3 f1
0.6971 ± 5 × 10−4 1.435 ± 1 × 10−3 f2
0.2793 ± 4 × 10−4 ∼ 2 f1
0.4228 ± 4 × 10−4 2.367 ± 2 × 10−3 f3
1.3942 ± 5 × 10−4 ∼ 2 f2
1.0468 ± 5 × 10−4 ∼ 3/2 f2
1.7438 ± 6 × 10−4 ∼ 5/2 f2
2.0912 ± 6 × 10−4 ∼ 3 f2
0.0962 ± 6 × 10−4 10.391 ± 6 × 10−3 f4
0.5632 ± 1 × 10−4 ∼ 4 f1
2.4385 ± 1 × 10−4 ∼ 7/2 f2
2.7883 ± 1 × 10−4 ∼ 4 f2

No. 5 3e–8.96–10 0.6970 ± 3.8 × 10−3 ∼ 2 f1
0.3497 ± 3.6 × 10−3 2.859 ± 3 × 10−3 f1
1.3941 ± 4.7 × 10−3 ∼ 4 f1
1.0468 ± 5 × 10−3 ∼ 3 f1

2.0912 ± 6.2 × 10−3 ∼ 6 f1
1.7439 ± 1 × 10−4 ∼ 5 f1
0.1056 ± 7 × 10−3 9.467 ± 3 × 10−3 f2

2.4409 ± 8.6 × 10−3 ∼ 7 f1
2.7883 ± 9.6 × 10−3 ∼ 8 f1
0.9083 ± 1.35 × 10−2 1.100 ± 1 × 10−3 f3
3.1380 ± 1.49 × 10−2 ∼ 9 f1

No. 6 7–7.70–10 0.6970 ± 3.7 × 10−3 ∼ 2 f1
0.3497 ± 3 × 10−4 2.859 ± 3 × 10−3 f1
1.3941 ± 4 × 10−4 ∼ 4 f1
1.0467 ± 4 × 10−4 ∼ 3 f1
2.0912 ± 6 × 10−4 ∼ 6 f1
1.7438 ± 6 × 10−4 ∼ 5 f1
2.4409 ± 8 × 10−4 ∼ 7 f1
2.7883 ± 9 × 10−4 9.468 ± 3 × 10−3 f2

3.1380 ± 1.4 × 10−3 ∼ 9 f1
0.1502 ± 3.1 × 10−3 6.657 ± 1 × 10−3 f3
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Table A1. Cont.

Model Fixed Period Values [Days]
Frequencies

[Days−1]
Indep. Period

[Days] Comment

No. 7 3e–2.12–4.42–8.96 0.3497 ± 3 × 10−4 2.859 ± 3 × 10−3 f1
0.6970 ± 3 × 10−4 ∼ 2 f1
1.3941 ± 4 × 10−4 ∼ 4 f1
1.0467 ± 5 × 10−4 ∼ 3 f1
2.0912 ± 6 × 10−4 ∼ 6 f1
1.7438 ± 6 × 10−4 ∼ 5 f1
2.4409 ± 8 × 10−4 ∼ 7 f1
2.7883 ± 9 × 10−4 ∼ 8 f1

0.1150 ± 1.1 × 10−3 8.695 ± 8 × 10−3 f2
3.1380 ± 1 × 10−4 ∼ 9 f1
0.2206 ± 3 × 10−4 4.532 ± 7 × 10−3 f3
0.4717 ± 3 × 10−4 2.119 ± 3 × 10−3 f4

No. 8 7–2.03–4.86–7.70 0.6970 ± 3 × 10−4 ∼ 2 f1
0.3473 ± 3 × 10−4 2.859 ± 3 × 10−3 f1
1.3941 ± 4 × 10−4 ∼ 4 f1
1.0467 ± 5 × 10−4 ∼ 3 f1
2.0912 ± 6 × 10−4 ∼ 6 f1
1.7438 ± 6 × 10−4 ∼ 5 f1
2.4409 ± 8 × 10−4 ∼ 7 f1
2.7883 ± 9 × 10−4 ∼ 8 f1

0.1361 ± 1.2 × 10−3 7.345 ± 6 × 10−3 f2
3.1380 ± 1.4 × 10−3 ∼ 9 f1
0.4905 ± 3.1 × 10−3 2.038 ± 4 × 10−3 f3
0.2112 ± 3 × 10−4 4.734 ± 3 × 10−3 f4

No. 9
√

2–1.27–1.6 0.7017 ± 4 × 10−4 ∼ 2 f3
0.6196 ± 8 × 10−4 1.613 ± 2 × 10−3 f1
0.7909 ± 8 × 10−4 1.264 ± 1 × 10−3 f2
0.3473 ± 1 × 10−3 2.878 ± 8 × 10−3 f3

1.3941 ± 1.3 × 10−3 ∼ 4 f3
1.0468 ± 1.4 × 10−3 ∼ 3 f3
2.0936 ± 1.7 × 10−3 ∼ 6 f3
1.7439 ± 1.7 × 10−3 ∼ 5 f3
2.4386 ± 2.4 × 10−3 ∼ 7 f3
2.7883 ± 2.7 × 10−3 ∼ 8 f3
3.1380 ± 4.1 × 10−3 ∼ 9 f3

No. 10 1.2–1.32–1.6 0.8308 ± 4 × 10−4 1.203 ± 1 × 10−3 f1
0.3473 ± 7 × 10−4 2.878 ± 6 × 10−3 f2
0.6243 ± 5 × 10−4 1.601 ± 1 × 10−3 f3
1.3941 ± 9 × 10−4 ∼ 4 f2
0.7416 ± 5 × 10−4 1.348 ± 1 × 10−3 f4
1.0468 ± 1 × 10−4 ∼ 3 f2
2.0912 ± 1 × 10−4 ∼ 6 f2
1.7415 ± 1 × 10−4 ∼ 5 f2
2.7883 ± 1 × 10−4 ∼ 8 f2
2.4386 ± 1 × 10−4 ∼ 7 f2

No. 11
√

2–0.94–2.78–1.27 0.6970 ± 4 × 10−4 1.434 ± 1 × 10−3 ∼ 2 f1
0.3544 ± 4 × 10−4 2.821 ± 3 × 10−3 f1
1.0515 ± 5 × 10−4 0.951 ± 1 × 10−3 ∼ 3 f1
0.7886 ± 5 × 10−4 1.268 ± 1 × 10−3 f2
1.3941 ± 9 × 10−4 ∼ 4 f1
2.0936 ± 1 × 10−4 ∼ 6 f1
1.7415 ± 1 × 10−4 ∼ 5 f1
2.4386 ± 1 × 10−4 ∼ 7 f1
2.7883 ± 2 × 10−4 ∼ 8 f1
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Table A1. Cont.

Model Fixed Period Values [Days]
Frequencies

[Days−1]
Indep. Period

[Days] Comment

No. 12 1.2–0.84–2.06–1.32 0.8355 ± 7 × 10−4 1.196 ± 1 × 10−3 f1
0.3473 ± 8 × 10−4 2.878 ± 6 × 10−3 f2
0.4858 ± 8 × 10−4 2.058 ± 3 × 10−3 f3
1.1759 ± 8 × 10−4 0.850 ± 1 × 10−3 f4
1.3918 ± 1 × 10−4 ∼ 4 f2
1.0468 ± 1 × 10−4 ∼ 3 f2
0.7011 ± 1 × 10−4 ∼ 2 f2
2.0912 ± 1 × 10−4 ∼ 6 f2
1.7415 ± 1 × 10−4 ∼ 5 f2
2.4409 ± 2 × 10−4 ∼ 7 f2
2.7883 ± 2 × 10−4 ∼ 8 f2
0.7440 ± 2 × 10−4 1.344 ± 1 × 10−3 f5
3.1380 ± 3 × 10−4 ∼ 9 f2

No. 13
√

2–1.27–1.6 0.6970 ± 4 × 10−4 ∼ 2 f1
0.3473 ± 4 × 10−4 2.878 ± 3 × 10−3 f1
1.3941 ± 5 × 10−4 ∼ 4 f1
1.0468 ± 6 × 10−4 ∼ 3 f1
2.0912 ± 7 × 10−4 ∼ 6 f1
1.7439 ± 7 × 10−4 ∼ 5 f1
2.4386 ± 1 × 10−4 ∼ 7 f1
2.7883 ± 1 × 10−4 ∼ 8 f1
3.1380 ± 1 × 10−4 ∼ 9 f1
0.6219 ± 1 × 10−4 1.607 ± 4 × 10−3 f2
3.4854 ± 2 × 10−4 ∼ 10 f1
0.7909 ± 1 × 10−4 1.264 ± 2 × 10−3 f3

No. 14 1.2–1.32–1.6 0.3473 ± 4 × 10−4 2.878 ± 3 × 10−3 f1
1.3941 ± 5 × 10−4 ∼ 4 f1
0.6994 ± 4 × 10−4 ∼ 2 f1
1.0467 ± 5 × 10−4 ∼ 3 f1
2.0912 ± 7 × 10−4 ∼ 6 f1
1.7438 ± 7 × 10−4 ∼ 5 f1
2.4409 ± 1 × 10−4 ∼ 7 f1
0.8332 ± 1 × 10−4 1.200 ± 1 × 10−3 f2
2.7883 ± 1 × 10−4 ∼ 8 f1
3.1380 ± 1 × 10−4 ∼ 9 f1
3.4853 ± 2 × 10−4 ∼ 10 f1
0.6290 ± 1 × 10−4 1.589 ± 4 × 10−3 f3
0.7557 ± 2 × 10−4 1.323 ± 3 × 10−3 f4

No. 15
√

2–0.94–2.78–1.27 0.6970 ± 4 × 10−4 ∼ 2 f1
0.3497 ± 4 × 10−4 2.8594 ± 3 × 10−4 f1
1.3941 ± 6 × 10−4 ∼ 4 f1
1.0468 ± 6 × 10−4 ∼ 3 f1
2.0912 ± 9 × 10−4 ∼ 6 f1
1.7439 ± 8 × 10−4 ∼ 5 f1
2.4409 ± 1 × 10−4 ∼ 7 f1
2.7883 ± 1 × 10−4 ∼ 8 f1
3.1380 ± 2 × 10−4 ∼ 9 f1
0.7886 ± 2 × 10−4 1.268 ± 1 × 10−3 f2
3.4854 ± 2 × 10−4 ∼ 10 f1

No. 16 1.2–0.84–2.06–1.32 0.3473 ± 5 × 10−4 2.878 ± 3 × 10−3 f1
0.6970 ± 5 × 10−4 ∼ 2 f1
1.3941 ± 6 × 10−4 ∼ 4 f1
1.0467 ± 7 × 10−4 ∼ 3 f1
2.0912 ± 8 × 10−4 ∼ 6 f1
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Table A1. Cont.

Model Fixed Period Values [Days]
Frequencies

[Days−1]
Indep. Period

[Days] Comment

1.7438 ± 8 × 10−4 ∼ 5 f1
2.4409 ± 1 × 10−4 ∼ 7 f1
2.7883 ± 1 × 10−4 ∼ 8 f1
0.8308 ± 2 × 10−4 1.203 ± 1 × 10−3 f2
3.1380 ± 2 × 10−4 ∼ 9 f1
3.4853 ± 2 × 10−4 ∼ 10 f1
0.4881 ± 2 × 10−4 2.048 ± 5 × 10−3 f3
1.1805 ± 2 × 10−4 0.847 ± 1 × 10−3 f4
0.7510 ± 2 × 10−4 1.331 ± 3 × 10−3 f5

No. 17 3e–10 0.9036 ± 4 × 10−4 1.106 ± 2 × 10−3 f1
0.0985 ± 4 × 10−4 10.144 ± 4 × 10−3 f2
0.6970 ± 6 × 10−4 ∼ 2 f3
0.3497 ± 6 × 10−4 2.859 ± 1 × 10−3 f3
1.3941 ± 7 × 10−4 ∼ 4 f3
1.0468 ± 8 × 10−4 ∼ 3 f3
2.0912 ± 1 × 10−4 ∼ 6 f3
1.7439 ± 1 × 10−4 ∼ 5 f3
2.4409 ± 1 × 10−4 ∼ 7 f3
2.7883 ± 2 × 10−4 ∼ 8 f3
3.1380 ± 2 × 10−4 ∼ 9 f3

No. 18 7–10 0.1502 ± 4 × 10−4 6.657 ± 1 × 10−3 f1
0.1009 ± 4 × 10−4 9.908 ± 4 × 10−3 f2
0.6979 ± 6 × 10−4 ∼ 2 f3
0.3473 ± 5 × 10−4 2.878 ± 1 × 10−3 f3
1.3941 ± 7 × 10−4 ∼ 4 f3
1.0468 ± 8 × 10−4 ∼ 3 f3
2.0912 ± 9 × 10−4 ∼ 6 f3
1.7439 ± 9 × 10−4 ∼ 5 f3
2.4409 ± 1 × 10−4 ∼ 7 f3
2.7883 ± 1 × 10−4 ∼ 8 f3
3.1380 ± 2 × 10−4 ∼ 9 f3

No. 19 3e–2.12–4.42 0.3497 ± 6 × 10−4 2.878 ± 3 × 10−3 f1
0.2182 ± 7 × 10−4 4.581 ± 1 × 10−3 f2
0.4717 ± 7 × 10−4 2.119 ± 3 × 10−3 f3
0.6970 ± 7 × 10−4 ∼ 2 f1
0.1173 ± 7 × 10−4 8.521 ± 5 × 10−3 f4
1.3941 ± 8 × 10−4 ∼ 4 f1
1.0467 ± 9 × 10−4 ∼ 3 f1
2.0935 ± 1 × 10−4 ∼ 6 f1
1.7438 ± 1 × 10−4 ∼ 5 f1
2.4385 ± 1 × 10−4 ∼ 7 f1
2.7883 ± 2 × 10−4 ∼ 8 f1
3.1380 ± 2 × 10−4 ∼ 9 f1

No. 20 7–2.03–4.86 0.1408 ± 1 × 10−4 7.101 ± 5 × 10−3 f1
0.6970 ± 1 × 10−4 1.434 ± 2 × 10−3 f2
0.2792 ± 1 × 10−4 ∼ 2 f1
0.4224 ± 9 × 10−4 ∼ 3 f1
1.3941 ± 1 × 10−4 ∼ 2 f2
1.0467 ± 1 × 10−4 ∼ 3/2 f2
1.7438 ± 1 × 10−4 ∼ 5/2 f2
2.0912 ± 2 × 10−4 ∼ 3 f2
0.5609 ± 1 × 10−4 ∼ 4 f1
2.4409 ± 2 × 10−4 ∼ 7/2 f2
2.7883 ± 2 × 10−4 ∼ 4 f2
0.2041 ± 1 × 10−4 4.897 ± 3 × 10−3 f3
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Table A1. Cont.

Model Fixed Period Values [Days]
Frequencies

[Days−1]
Indep. Period

[Days] Comment

No. 21 3e–10 0.6970 ± 5 × 10−4 ∼ 2 f1
0.3473 ± 4 × 10−4 2.878 ± 4 × 10−3 f1
1.3941 ± 6 × 10−4 ∼ 4 f1
1.0467 ± 6 × 10−4 ∼ 3 f1
2.0912 ± 8 × 10−4 ∼ 6 f1
1.7438 ± 8 × 10−4 ∼ 5 f1
2.4409 ± 1 × 10−4 ∼ 7 f1
2.7883 ± 1 × 10−4 ∼ 8 f1
0.9059 ± 1 × 10−4 1.103 ± 1 × 10−3 f2
3.1380 ± 2 × 10−4 ∼ 9 f1
0.0985 ± 1 × 10−4 10.144 ± 1.8 × 10−3 f3

No. 22 7–10 0.6970 ± 5 × 10−4 ∼ 2 f1
0.3473 ± 4 × 10−4 2.878 ± 4 × 10−3 f1
1.3941 ± 6 × 10−4 ∼ 4 f1
1.0467 ± 6 × 10−4 ∼ 3 f1
2.0912 ± 8 × 10−4 ∼ 6 f1
1.7438 ± 8 × 10−4 ∼ 5 f1
2.4409 ± 1 × 10−4 ∼ 7 f1
2.7883 ± 1 × 10−4 ∼ 8 f1
0.1478 ± 1 × 10−4 6.762 ± 8 × 10−3 f2
3.1380 ± 2 × 10−4 ∼ 9 f1
0.1009 ± 1 × 10−4 9.908 ± 1.7 × 10−3 f3

No. 23 3e–2.12–4.42 0.3473 ± 4 × 10−4 2.878 ± 4 × 10−3 f1
0.6970 ± 5 × 10−4 ∼ 2 f1
1.3941 ± 6 × 10−4 ∼ 4 f1
1.0467 ± 6 × 10−4 ∼ 3 f1
2.0912 ± 8 × 10−4 ∼ 6 f1
1.7438 ± 8 × 10−4 ∼ 5 f1
2.4409 ± 1 × 10−4 ∼ 7 f1
2.7883 ± 1 × 10−4 ∼ 8 f1
3.1380 ± 2 × 10−4 ∼ 9 f1
0.2182 ± 2 × 10−4 4.581 ± 5 × 10−3 f2
0.4717 ± 3 × 10−4 2.119 ± 1 × 10−3 f3
0.1173 ± 3 × 10−4 8.521 ± 1.8 × 10−3 f4

No. 24 7–2.03–4.86 0.6970 ± 7 × 10−4 ∼ 2 f1
0.3473 ± 7 × 10−4 2.878 ± 1 × 10−3 f1
1.3941 ± 9 × 10−4 ∼ 4 f1
1.0467 ± 1 × 10−4 ∼ 3 f1
2.0912 ± 1 × 10−4 ∼ 6 f1
1.7438 ± 1 × 10−4 ∼ 5 f1
2.4409 ± 2 × 10−4 ∼ 7 f1
2.7883 ± 2 × 10−4 ∼ 8 f1
3.1380 ± 3 × 10−4 ∼ 9 f1
0.1408 ± 3 × 10−4 7.101 ± 1.6 × 10−3 f2
0.4881 ± 3 × 10−4 2.048 ± 2 × 10−3 f3

No. 25
√

2–1.6 0.7064 ± 2 × 10−4 ∼ 2 f2
0.6243 ± 4 × 10−4 1.601 ± 1 × 10−3 f1
0.3473 ± 5 × 10−4 2.878 ± 3 × 10−3 f2
1.3941 ± 7 × 10−4 ∼ 4 f2
1.0444 ± 7 × 10−4 ∼ 3 f2
2.0912 ± 9 × 10−4 ∼ 6 f2
1.7438 ± 9 × 10−4 ∼ 5 f2
2.4409 ± 1 × 10−4 ∼ 7 f2
2.7883 ± 1 × 10−4 ∼ 8 f2
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Table A1. Cont.

Model Fixed Period Values [Days]
Frequencies

[Days−1]
Indep. Period

[Days] Comment

No. 26 1.2–1.6 0.8332 ± 4 × 10−4 1.200 ± 1 × 10−3 f1
0.3473 ± 6 × 10−4 2.878 ± 4 × 10−3 f2
0.6219 ± 4 × 10−4 1.607 ± 1 × 10−3 f3
1.3941 ± 7 × 10−4 ∼ 4 f2
0.6970 ± 6 × 10−4 ∼ 2 f2
1.0467 ± 8 × 10−4 ∼ 3 f2
2.0912 ± 1 × 10−4 ∼ 6 f2
1.7438 ± 1 × 10−4 ∼ 5 f2
2.4409 ± 1 × 10−4 ∼ 7 f2
2.7883 ± 1 × 10−4 ∼ 8 f2
3.1380 ± 2 × 10−4 ∼ 9 f2

No. 27
√

2–0.94–2.78 0.7017 ± 5 × 10−4 ∼ 2 f1
0.3544 ± 4 × 10−4 2.821 ± 3 × 10−3 f1
1.0514 ± 6 × 10−4 0.951 ± 1 × 10−3 ∼ 3 f1
1.3941 ± 1 × 10−4 ∼ 4 f1
2.0912 ± 1 × 10−4 ∼ 6 f1
1.7438 ± 2 × 10−4 ∼ 5 f1
2.4409 ± 2 × 10−4 ∼ 7 f1
2.7883 ± 2 × 10−4 ∼ 8 f1
3.1380 ± 3 × 10−4 ∼ 9 f1

No. 28 1.2–0.84–2.06 0.3473 ± 6 × 10−4 2.878 ± 4 × 10−3 f1
0.8355 ± 6 × 10−4 1.196 ± 1 × 10−3 f2
1.1782 ± 6 × 10−4 0.848 ± 1 × 10−3 f3
0.4834 ± 6 × 10−4 2.068 ± 2 × 10−3 f4
0.6970 ± 6 × 10−4 ∼ 2 f1
1.3941 ± 8 × 10−4 ∼ 4 f1
1.0467 ± 8 × 10−4 ∼ 3 f1
2.0912 ± 1 × 10−4 ∼ 6 f1
1.7438 ± 1 × 10−4 ∼ 5 f1
2.4409 ± 1 × 10−4 ∼ 7 f1
2.7883 ± 2 × 10−4 ∼ 8 f1
3.1380 ± 3 × 10−4 ∼ 9 f1

No. 29
√

2–1.6 0.3473 ± 4 × 10−4 2.878 ± 3 × 10−3 f1
0.6994 ± 4 × 10−4 ∼ 2 f1
1.3941 ± 6 × 10−4 ∼ 4 f1
1.0468 ± 6 × 10−4 ∼ 3 f1
2.0912 ± 8 × 10−4 ∼ 6 f1
1.7439 ± 8 × 10−4 ∼ 5 f1
2.4409 ± 1 × 10−4 ∼ 7 f1
2.7883 ± 1 × 10−4 ∼ 8 f1
3.1380 ± 2 × 10−4 ∼ 9 f1
0.6243 ± 1 × 10−4 1.601 ± 4 × 10−3 f2

No. 30 1.2–1.6 0.3473 ± 4 × 10−4 2.878 ± 3 × 10−3 f1
0.6970 ± 5 × 10−4 ∼ 2 f1
1.3941 ± 6 × 10−4 ∼ 4 f1
1.0467 ± 6 × 10−4 ∼ 3 f1
2.0912 ± 8 × 10−4 ∼ 6 f1
1.7438 ± 8 × 10−4 ∼ 5 f1
2.4409 ± 1 × 10−4 ∼ 7 f1
2.7883 ± 1 × 10−4 ∼ 8 f1
0.8332 ± 2 × 10−4 1.200 ± 2 × 10−3 f2
3.1380 ± 2 × 10−4 ∼ 9 f1
0.6243 ± 2 × 10−4 1.601 ± 3 × 10−3 f3
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Table A1. Cont.

Model Fixed Period Values [Days]
Frequencies

[Days−1]
Indep. Period

[Days] Comment

No. 31
√

2–0.94–2.78 0.3497 ± 4 × 10−4 2.859 ± 3 × 10−3 f1
0.6994 ± 4 × 10−4 ∼ 2 f1
1.3941 ± 6 × 10−4 ∼ 4 f1
1.0468 ± 6 × 10−4 ∼ 3 f1
2.0912 ± 8 × 10−4 ∼ 6 f1
1.7439 ± 8 × 10−4 ∼ 5 f1
2.4409 ± 1 × 10−4 ∼ 7 f1
2.7883 ± 1 × 10−4 ∼ 8 f1
3.1380 ± 2 × 10−4 ∼ 9 f1

No. 32 1.2–0.84–2.06 0.3473 ± 5 × 10−4 2.878 ± 4 × 10−3 f1
0.6947 ± 5 × 10−4 ∼ 2 f1
1.3941 ± 6 × 10−4 ∼ 4 f1
1.0467 ± 7 × 10−4 ∼ 3 f1
2.0912 ± 9 × 10−4 ∼ 6 f1
1.7438 ± 8 × 10−4 ∼ 5 f1
2.4409 ± 1 × 10−4 ∼ 7 f1
2.7883 ± 1 × 10−4 ∼ 8 f1
3.1380 ± 2 × 10−4 ∼ 9 f1
3.4853 ± 2 × 10−4 ∼ 10 f1
1.1805 ± 3 × 10−4 0.847 ± 1 × 10−3 f2
0.4834 ± 3 × 10−4 2.068 ± 1 × 10−2 f3
0.8332 ± 3 × 10−4 1.200 ± 3 × 10−3 f4
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Figure A1. Cont.
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Figure A1. Periodograms obtained from the Fourier analysis for models No. 0 to No. 23.
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Figure A2. Periodograms obtained from the Fourier analysis for models No. 24 to No. 32.
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Appendix B. Wavelet Analysis Results

The periods detected for each synthetic light curve with the wavelet analysis, and their
errors, are listed in Table A2. The list of set periods in the simulation design is listed in
column 2. It does not include the period of the binary system (2.87 days) present in all
the models, except for model No. 0, where is the only period present. Columns 3 and 4
lists the periods present in the first and second parts of the curve. Column 5 indicates the
independent periods found and the linear relationship among them. The wavelet power
spectrum and the average wavelet power are illustrated in Figures A3–A8.

Table A2. Wavelet analysis results reporting the significant periods and harmonics. The detected
independent periods are highlighted in blue. The symbol e is the Euler number.

Model Fixed Period Values
[Days]

Periods
[Days] Comment

First Part Second Part

No. 0 2.87 0.548 ± 2.9 × 10−2 0.539 ± 7.3 × 10−2 ∼ P1/5
0.728 ± 1.62 × 10−1 0.72 ± 5.4 × 10−2 ∼ P1/4
0.979 ± 1.52 × 10−2 0.943 ± 2.3 × 10−2 ∼ P1/3
1.43 ± 2.28 × 10−1 1.442 ± 3.8 × 10−2 ∼ P1/2
2.785 ± 2.4 × 10−2 2.811 ± 7.2 × 10−2 P1

No. 1 3e–8.96–10 0.549± 1.9× 10−2 0.52± 5.9× 10−2 ∼ P1/5
0.740± 1.5× 10−1 0.726± 1.74× 10−1 ∼ P1/4
1.168± 2.8× 10−2 1.132± 1.83× 10−1 P2

1.403± 5.4× 10−2 1.472± 1.34× 10−1 ∼ P1/2
2.347± 1.23× 10−1 · · · 2P2

· · · 2.787± 6.1× 10−2 P1
5.719± 8× 10−3 · · · ∼ 2P1

· · · 7.852± 3.6× 10−2 P3
11.435± 0× 100 11.551± 2.3× 10−2 ∼ 4P1

· · · 22.998± 0× 100 ∼ 8P1

No. 2 7–7.70–10 0.380± 1.5× 10−2 · · · P3
· · · 0.522± 4.4× 10−2 ∼ P1/5

0.644± 1.18× 10−1 0.681± 1.0× 10−1 ∼ P1/4
0.999± 4.0× 10−2 0.951± 3.5× 10−2 ∼ P1/3
1.400± 3.7× 10−2 1.419± 9.6× 10−2 ∼ P1/2
2.380± 1.20× 10−1 · · · P2

· · · 2.867± 2.1× 10−2 P1
· · · 4.464± 8.5× 10−2 P4

5.712± 0× 100 · · · ∼ 2P1
· · · 8.094± 1.11× 10−1 P5

11.426± 0× 100 11.572± 1.5× 10−2 ∼ 4P1
· · · 23.190± 0× 100 ∼ 8P1

No. 3 3e–2.12–4.42–8.96 0.554± 4.4× 10−2 0.541± 6.7× 10−2 ∼ P1/5
0.754± 2.18× 10−1 0.731± 1.86× 10−1 ∼ P1/4
0.950± 7.4× 10−2 0.937± 6.6× 10−2 ∼ P1/3
1.416± 2.71× 10−1 1.464± 8.2× 10−2 ∼ P1/2

· · · 2.158± 1.91× 10−1 P3
2.372± 7.0× 10−2 · · · P2

· · · 2.825± 8.6× 10−2 P1
3.730± 1.83× 10−1 · · · P4

· · · 6.362± 5.21× 10−1 ∼ 3P3
· · · 7.360± 7.74× 10−1 ∼ 2P4

11.435± 0× 100 11.513± 4.5× 10−2 ∼ 4P1
· · · 23.190± 0× 100 ∼ 8P1
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Table A2. Cont.

Model Fixed Period Values
[Days]

Periods
[Days] Comment

First Part Second Part

No. 4 7–2.03–4.86–7.70 0.557± 3.3× 10−2 0.556± 1.03× 10−1 ∼ P1/5
0.723± 1.83× 10−1 0.696± 1.0× 10−1 ∼ P1/4
1.003± 1.99× 10−1 0.940± 7.6× 10−2 ∼ P1/3
1.422± 5.6× 10−2 1.440± 1.08× 10−1 ∼ P1/2
2.027± 1.73× 10−1 · · · P3

· · · 2.257± 4.85× 10−1 P2
· · · 2.892± 2.61× 10−1 P1

4.038± 5.30× 10−1 · · · ∼ 2P3

5.709± 8× 10−3 5.590± 2.16× 10−1 ∼ 2P1

11.419± 0× 100 11.470± 5.8× 10−2 ∼ 4P1

No. 5 3e–8.96–10 0.582± 6.1× 10−2 0.520± 4.5× 10−2 ∼ P1/5
0.751± 2.04× 10−1 0.697± 4.3× 10−2 ∼ P1/4
0.989± 5.3× 10−2 0.989± 1.64× 10−1 ∼ P1/3
1.370± 8× 10−2 1.441± 5.6× 10−2 ∼ P1/2
2.761± 6× 10−2 2.812± 4.8× 10−2 P1

5.680± 3.8× 10−2 · · · ∼ 2P1
· · · 7.865± 4.6× 10−2 P2

11.419± 0× 100 11.532± 3.3× 10−2 ∼ 4P1

No. 6 7–7.70–10 0.577± 6.1× 10−2 0.565± 1.08× 10−1 ∼ P1/5
0.722± 1.34× 10−1 0.688± 6.1× 10−2 ∼ P1/4
0.972± 1.12× 10−1 0.941± 2.5× 10−2 ∼ P1/3
1.405± 3.7× 10−2 1.436± 2× 10−2 ∼ P1/2
2.780± 5.2× 10−2 2.823± 5.1× 10−2 P1

No. 7 3e–2.12–4.42–8.96 0.571± 5.9× 10−2 0.547± 8.3× 10−2 ∼ P1/5
0.729± 1.96× 10−1 0.692± 6.9× 10−2 ∼ P1/4
0.952± 4.3× 10−2 0.938± 3.1× 10−2 ∼ P1/3
1.397± 4.8× 10−2 1.438± 2.9× 10−2 ∼ P1/2
2.767± 6.6× 10−2 2.794± 9.2× 10−2 P1

No. 8 7–2.03–4.86–7.70 0.551± 2.6× 10−2 0.546± 8.9× 10−2 ∼ P1/5
0.706± 1.64× 10−1 0.689± 5.9× 10−2 ∼ P1/4
0.960± 9.0× 10−2 0.939± 3.3× 10−2 ∼ P1/3
1.407± 3.5× 10−2 1.437± 2.7× 10−2 ∼ P1/2
2.825± 3.0× 10−2 2.823± 8.4× 10−2 P1

No. 9
√

2–1.27–1.6 0.524± 4.1× 10−2 0.554± 1.22× 10−1 ∼ P1/5
0.735± 1.52× 10−1 0.681± 5.7× 10−2 ∼ P1/4
1.346± 5.8× 10−2 1.410± 1.19× 10−1 ∼ P1/2
2.831± 5.94× 10−1 2.773± 1.25× 10−1 P1

No. 10 1.2–1.32–1.6 0.535± 3.1× 10−2 0.500± 3.0× 10−2 ∼ P1/5
0.766± 1.75× 10−1 0.671± 4.6× 10−2 ∼ P1/4
1.246± 3.2× 10−2 1.219± 5.9× 10−2 P3

· · · 1.702± 3.8× 10−2 P2
2.745± 1.84× 10−1 2.781± 1.00× 10−1 P1

No. 11
√

2–0.94–2.78–1.27 0.512± 2.3× 10−2 0.505± 2.6× 10−2 ∼ P1/5
0.651± 1.6× 10−2 · · · ∼ P1/4
0.959± 4.7× 10−2 0.949± 3.9× 10−2 ∼ P1/3
1.380± 4.6× 10−2 1.406± 8.1× 10−2 ∼ P1/2
2.789± 8.1× 10−2 2.763± 1.37× 10−1 P1
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Table A2. Cont.

Model Fixed Period Values
[Days]

Periods
[Days] Comment

First Part Second Part

No. 12 1.2–0.84–2.06–1.32 0.380± 1.6× 10−2 · · · P4

0.524± 1.5× 10−2 0.502± 3.8× 10−2 ∼ P1/5
0.953± 7.2× 10−2 0.900± 6.8× 10−2 ∼ P1/3
1.211± 5.3× 10−2 1.249± 9.7× 10−2 P3

2.099± 2.2× 10−1 2.136± 1.5× 10−1 P2

2.751± 1.9× 10−1 2.797± 1.33× 10−1 P1

No. 13
√

2–1.27–1.6 0.546± 2.8× 10−2 0.512± 3.3× 10−2 ∼ P1/5
0.696± 3.9× 10−2 0.687± 4.7× 10−2 ∼ P1/4
0.952± 6.0× 10−3 0.949± 6.0× 10−3 ∼ P1/3
1.397± 6.5× 10−2 1.409± 3.7× 10−2 ∼ P1/2
2.831± 2.8× 10−2 2.805± 7.9× 10−2 P1

No. 14 1.2–1.32–1.6 0.547± 2.5× 10−2 0.514± 3.7× 10−2 ∼ P1/5
0.704± 5.0× 10−3 0.689± 5.3× 10−2 ∼ P1/4
0.976± 5.1× 10−2 0.971± 3.8× 10−2 ∼ P1/3
1.385± 8.0× 10−3 1.404± 5.3× 10−2 ∼ P1/2
2.811± 4.4× 10−2 2.784± 1.19× 10−1 P1

No. 15
√

2–0.94–2.78–1.27 0.551± 2.9× 10−2 0.520± 4.3× 10−2 ∼ P1/5
0.738± 1.91× 10−1 0.706± 1.52× 10−1 ∼ P1/4
0.974± 1.72× 10−1 0.964± 1.15× 10−1 ∼ P1/3
1.408± 3.0× 10−2 1.438± 1.52× 10−1 ∼ P1/2
2.809± 4.1× 10−2 2.796± 9.7× 10−2 P1

No. 16 1.2–0.84–2.06–1.32 0.544± 2.4× 10−2 0.527± 6.5× 10−2 ∼ P1/5
0.686± 1.26× 10−1 0.788± 2.25× 10−1 ∼ P1/4
1.028± 2.33× 10−1 0.946± 7.6× 10−2 ∼ P1/3
1.436± 2.1× 10−1 1.429± 7.2× 10−2 ∼ P1/2
2.803± 7.0× 10−2 2.791± 1.19× 10−1 P1

No. 17 3e–10 0.558± 5.6× 10−2 0.535± 1.08× 10−1 ∼ P1/5
0.792± 1.88× 10−1 0.704± 1.13× 10−1 ∼ P1/4
1.150± 2.3× 10−2 1.131± 1.84× 10−1 P3

· · · 1.472± 7.6× 10−2 ∼ P1/2
2.506± 5.8× 10−2 · · · P2

· · · 2.809± 6.7× 10−2 P1
5.712± 0× 100 · · · ∼ 2P1

· · · 7.928± 6.1× 10−2 P4
11.435± 0× 100 11.553± 2.4× 10−2 ∼ 4P1

· · · 22.998± 0× 100 ∼ 8P1

No. 18 7–10 0.388± 2.7× 10−2 · · · P3
· · · 0.498± 3.3× 10−2 ∼ P1/5

0.634± 9.7× 10−2 0.674± 5.6× 10−2 ∼ P1/4
0.983± 2.1× 10−2 0.954± 7.2× 10−2 ∼ P1/3
1.401± 3.3× 10−2 1.411± 4.9× 10−2 ∼ P1/2
2.361± 1.31× 10−1 · · · P2

· · · 2.983± 6.1× 10−2 P1
5.697± 0× 100 5.065± 5.8× 10−2 ∼ 2P1

11.413± 0× 100 11.590± 0× 100 ∼ 4P1
· · · 23.192± 0× 100 ∼ 8P1

No. 19 3e–2.12–4.42 0.551± 1.17× 10−1 0.514± 2.70× 10−2 ∼ P1/5
0.722± 1.15× 10−1 0.696± 9.80× 10−2 ∼ P1/4
0.931± 4.60× 10−2 0.937± 6.40× 10−2 ∼ P1/3
1.390± 7.80× 10−2 1.460± 7.00× 10−2 ∼ P1/2
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Table A2. Cont.

Model Fixed Period Values
[Days]

Periods
[Days] Comment

First Part Second Part

· · · 2.151± 8.90× 10−2 P2
2.710± 2.91× 10−1 2.840± 4.70× 10−1 P1
3.772± 8.60× 10−2 · · · P3

5.703± 3.70× 10−2 6.108± 2.04× 101 ∼ 2P1

11.442± 0× 100 11.418± 1.40× 10−2 ∼ 4P1

No. 20 7–2.03–4.86 0.570± 5.3× 10−2 0.506± 3.1× 10−2 ∼ P1/3
0.707± 1.67× 10−1 0.679± 1.04× 10−1 ∼ P1/2
1.020± 2.10× 10−1 0.960± 1.0× 10−2 ∼ 2P1/3
1.422± 4.9× 10−2 1.455± 7.5× 10−2 P1

2.056± 1.49× 10−1 2.149± 1.29× 10−1 P2

3.772± 2.11× 10−1 3.351± 1.78× 10−1 P3

5.702± 1.4× 10−2 5.050± 6.25× 10−1 ∼ 4P1

11.442± 0.0× 10−1 11.427± 1.6× 10−2 ∼ 8P1

No. 21 3e–10 0.572± 5.7× 10−2 0.512± 2.0× 10−2 ∼ P1/5
0.745± 1.87× 10−1 0.680± 1.14× 10−1 ∼ P1/4
1.033± 1.95× 10−1 1.083± 3.44× 10−1 ∼ P1/3
1.382± 6.3× 10−2 1.438± 4.0× 10−2 ∼ P1/2
2.789± 4.7× 10−2 2.814± 5.9× 10−2 P1

· · · 7.924± 6.2× 10−2 P2

No. 22 7–10 0.524± 8× 10−3 0.518± 2.6× 10−2 ∼ P1/5
0.736± 2.23× 10−1 0.682± 1.03× 10−1 ∼ P1/4
0.987± 1.75× 10−1 0.955± 1.37× 10−1 ∼ P1/3
1.405± 3.4× 10−2 1.434± 2.3× 10−2 ∼ P1/2
2.775± 5.2× 10−2 2.845± 4.5× 10−2 P1

· · · 4.772± 1.23× 10−1 P2

No. 23 3e–2.12–4.42 0.542± 2.3× 10−2 0.520± 4.2× 10−2 ∼ P1/5
0.707± 1.09× 10−1 0.690± 7.4× 10−2 ∼ P1/4
0.954± 2.3× 10−2 0.947± 1.7× 10−2 ∼ P1/3
1.412± 1.75× 10−1 1.437± 2.7× 10−2 ∼ P1/2
2.791± 5.3× 10−2 2.790± 1.16× 10−1 P1

No. 24 7–2.03–4.86 0.557± 3.5× 10−2 0.520± 4.2× 10−2 ∼ P1/5
0.726± 2.05× 10−1 0.689± 6.7× 10−2 ∼ P1/4
0.962± 6.4× 10−2 0.947± 1.15× 10−1 ∼ P1/3
1.413± 2.3× 10−2 1.435± 2.5× 10−2 ∼ P1/2
2.823± 3.1× 10−2 2.835± 8.9× 10−2 P1

No. 25
√

2–1.6 0.519± 3.3× 10−2 0.526± 7.5× 10−2 ∼ P1/5
· · · 0.670± 5.8× 10−2 ∼ P1/4

0.836± 2.61× 10−1 · · · P3
0.978± 3.4× 10−2 · · · ∼ P1/3
1.380± 3.8× 10−2 1.411± 4.5× 10−2 ∼ P1/2
2.061± 2.84× 10−1 · · · P2

2.808± 5.14× 10−1 2.840± 5.85× 10−1 P1

No. 26 1.2–1.6 0.522± 3.6× 10−2 0.507± 2.7× 10−2 ∼ P1/5
0.742± 1.79× 10−1 0.751± 2.59× 10−1 ∼ P1/4
1.182± 1.04× 10−1 · · · P3

· · · 1.347± 4.32× 10−1 ∼ P1/2
1.894± 7.0× 10−1 1.637± 7.8× 10−2 P2

2.724± 2.19× 10−1 2.748± 1.57× 10−1 P1
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Table A2. Cont.

Model Fixed Period Values
[Days]

Periods
[Days] Comment

First Part Second Part

No. 27
√

2–0.94–2.78 0.555± 1.09× 10−1 0.533± 9.8× 10−2 ∼ P1/5
1.045± 2.74× 10−1 0.967± 1.4× 10−1 ∼ P1/3
1.407± 6.1× 10−2 1.417± 6.6× 10−2 ∼ P1/2
2.793± 5.3× 10−2 2.779± 1.11× 10−1 P1

No. 28 1.2–0.84–2.06 0.56± 9.4× 10−2 0.519± 8.7× 10−2 ∼ P1/5
· · · 0.903± 8× 10−2 ∼ P1/3

1.141± 3.67× 10−1 · · · P4
· · · 1.553± 5.44× 10−1 ∼ P1/2

1.74± 6.92× 10−1 · · · P3
· · · 2.237± 4.93× 10−1 P2

2.629± 4.37× 10−1 2.813± 1.16× 10−1 P1

No. 29
√

2–1.6 0.542± 2.4× 10−2 0.535± 7.2× 10−2 ∼ P1/5
0.742± 1.95× 10−1 0.685± 6.6× 10−2 ∼ P1/4
0.989± 1.87× 10−1 0.971± 1.58× 10−1 ∼ P1/3
1.466± 2.65× 10−1 1.425± 2.5× 10−2 ∼ P1/2
2.799± 4.2× 10−2 2.796± 9.5× 10−2 P1

No. 30 1.2–1.6 0.542± 2.4× 10−2 0.526± 5.9× 10−2 ∼ P1/5
0.714± 1.64× 10−1 0.715± 3.6× 10−2 ∼ P1/4
0.969± 1.44× 10−1 0.959± 1.17× 10−1 ∼ P1/3
1.409± 1.70× 10−1 1.403± 4.2× 10−2 ∼ P1/2
2.804± 4.2× 10−2 2.791± 1.07× 10−1 P1

No. 31
√

2–0.94–2.78 0.545± 2.2× 10−2 0.526± 5.9× 10−2 ∼ P1/5
0.723± 1.67× 10−1 0.705± 1.18× 10−1 ∼ P1/4
0.984± 1.64× 10−1 0.962± 1.28× 10−1 ∼ P1/3
1.405± 4.0× 10−2 1.436± 4.3× 10−2 ∼ P1/2
2.810± 3.7× 10−2 2.801± 8.5× 10−2 P1

No. 32 1.2–0.84–2.06 0.543± 2.3× 10−2 0.525± 6.2× 10−2 ∼ P1/5
0.742± 2.2× 10−1 0.735± 1.31× 10−1 ∼ P1/4
0.967± 4.1× 10−2 0.941± 4.1× 10−2 ∼ P1/3
1.488± 3.29× 10−1 1.435± 7.1× 10−2 ∼ P1/2
2.798± 6.5× 10−2 2.791± 1.25× 10−1 P1
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Figure A3. Results of the wavelet analysis for models No. 0 to No. 5. From left to right the wavelet
power spectrum and the average wavelet power for the first and second part of each synthetic curve.
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Figure A4. Results of the wavelet analysis for models No. 6 to No. 11. From left to right the wavelet
power spectrum and the average wavelet power for the first and second part of each synthetic curve.
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Figure A5. Results of the wavelet analysis for models No. 12 to No. 17. From left to right the wavelet
power spectrum and the average wavelet power for the first and second part of each synthetic curve.
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Figure A6. Results of the wavelet analysis for models No. 18 to No. 23. From left to right the wavelet
power spectrum and the average wavelet power for the first and second part of each synthetic curve.
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Figure A7. Results of the wavelet analysis for models No. 24 to No. 29. From left to right the wavelet
power spectrum and the average wavelet power for the first and second part of each synthetic curve.
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Figure A8. Results of the wavelet analysis for models No. 30 to No. 32. From left to right the wavelet
power spectrum and the average wavelet power for the first and second part of each synthetic curve.

Note
1 The search for the most important factors that may be varied in a simulated system.

References
1. Sana, H.; de Mink, S.E.; de Koter, A.; Langer, N.; Evans, C.J.; Gieles, M.; Gosset, E.; Izzard, R.G.; Le Bouquin, J.B.; Schneider,

F.R.N. Binary Interaction Dominates the Evolution of Massive Stars. Science 2012, 337, 444. [CrossRef]
2. Mason, B.D.; Hartkopf, W.I.; Henry, T.J.; Jao, W.C.; Subasavage, J.; Riedel, A.; Winters, J. Nearby Dwarf Stars: Duplicity, Binarity,

and Masses. Noao Propos. 2009, 2009B-0044, 44.
3. Sana, H.; Le Bouquin, J.B.; Lacour, S.; Berger, J.P.; Duvert, G.; Gauchet, L.; Norris, B.; Olofsson, J.; Pickel, D.; Zins, G.; et al.

Southern Massive Stars at High Angular Resolution: Observational Campaign and Companion Detection. Astrophys. J. Suppl. Ser.
2014, 215, 15. [CrossRef]

4. Dunstall, P.R.; Dufton, P.L.; Sana, H.; Evans, C.J.; Howarth, I.D.; Simón-Díaz, S.; de Mink, S.E.; Langer, N.; Maíz Apellániz, J.;
Taylor, W.D. The VLT-FLAMES Tarantula Survey. XXII. Multiplicity properties of the B-type stars. Astron. Astrophys. 2015,
580, A93. [CrossRef]

5. Villaseñor, J.I.; Taylor, W.D.; Evans, C.J.; Ramírez-Agudelo, O.H.; Sana, H.; Almeida, L.A.; de Mink, S.E.; Dufton, P.L.; Langer, N.
The B-type binaries characterization programme I. Orbital solutions for the 30 Doradus population. Mon. Not. R. Astron. Soc.
2021, 507, 5348–5375. [CrossRef]

6. Barbá, R.H.; Gamen, R.; Arias, J.I.; Morrell, N.I. OWN Survey: A spectroscopic monitoring of Southern Galactic O and WN-type
stars. In Proceedings of the The Lives and Death-Throes of Massive Stars; Eldridge, J.J., Bray, J.C., McClelland, L.A.S., Xiao, L., Eds.;
Cambridge University Press: Cambridge, UK, 2017; Volume 329, pp. 89–96. [CrossRef]

7. Godart, M.; Grotsch-Noels, A.; Dupret, M.A. Pulsations in hot supergiants. In Proceedings of the Precision Asteroseismology; Guzik,
J.A., Chaplin, W.J., Handler, G., Pigulski, A., Eds.; Cambridge University Press: Cambridge, UK, 2014; Volume 301, pp. 313–320.
[CrossRef]

8. Saio, H.; Kuschnig, R.; Gautschy, A.; Cameron, C.; Walker, G.A.H.; Matthews, J.M.; Guenther, D.B.; Moffat, A.F.J.; Rucinski, S.M.;
Sasselov, D.; et al. MOSTDetectsg- andp-Modes in the B Supergiant HD 163899 (B2 Ib/II). Astrophys. J. 2006, 650, 1111–1118.
[CrossRef]

351



Galaxies 2023, 11, 69
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Abstract: Symbiotic stars are interacting binary systems composed of an evolved star (generally a
late-type red giant) and a degenerate or dwarf companion in orbit close enough for mass transfer
to occur. Understanding the status of the late-type star is important for developing binary models
for the symbiotic systems as it affects the transfer of matter needed to activate the hot component.
Infrared observations have been very useful in probing the nature of late-type stars in symbiotic
systems. This work presents a set of symbiotic stars observed with SOAR/OSIRIS (R∼3000) in the
H-band. We aimed to search for possible molecular circumstellar emission, to characterize the cool
companion in these systems, and to confront the new findings with those obtained from the previous
K-band classifications. We detected molecular emission from just one object, BI Cru, which displays
the second-overtone CO-bands. To fit the observed photospheric CO absorption bands, we used
the MARCS atmosphere models. We present our results as a mini atlas of symbiotic stars in the
near-infrared region to facilitate the comparison among different observed symbiotic systems.

Keywords: techniques: spectroscopic; stars: symbiotic, binaries; stars: infrared

1. Introduction

Symbiotic stars display a combined spectrum that shows high excitation emission
lines superposed on the absorption lines of two stellar components: a late-type giant and a
hot compact star. This characteristic led to defining symbiotic stars as strongly interacting
binaries consisting of a cool giant of spectral type M (sometimes K- or G-type giant) as a
donor, which transfers material to an accretor compact star, most commonly a hot white
dwarf (or, in some systems, a neutron star). Such a binary system is surrounded by a
circumstellar nebula enriched by the material lost from both components [1,2]. In addition,
there are other contributions to the spectral energy distribution (SED) of a symbiotic star,
such as emission from heated dust and jets or collimated bipolar outflows. Therefore,
the entire SED of symbiotic systems is a superposition of all these contributions, which
dominate the emission spectrum in different wavelength regions. With additional processes
such as mass loss, accretion, and ionization, the spectrum of each symbiotic object is unique,
and as a group, they appear rather heterogeneous. In this sense, Reference [3] proposed a
physical definition where “a symbiotic system is a binary in which a red giant transfers enough
material to a compact companion to produce an observable signal at any wavelength”.

Regarding the near-infrared region, symbiotic stars have been divided into two
types [4]. If they display an infrared (IR) excess emission that results from dust, they
are called D-type (dust). In these systems, the cool giant is a very evolved Mira variable
surrounded by warm dust. If they display an IR continuum emission from the cool compan-
ion, the symbiotics belong to the S-type (stellar), in which the cool star is a regular red giant,
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often filling its Roche lobe. The orbital periods of S-type symbiotics are about 2–3 years,
while those of the D-types are at least an order of magnitude longer [5]. There is a third type
of symbiotic system introduced by Allen et al. [6]: D′-type systems, which are a sub-type of
the classical D-types. In these symbiotics, a significantly hotter star of spectral types F and
G constitutes the cool component. Furthermore, like D-type symbiotics, D′-type systems
also exhibit IR dust emission. However, their SEDs reveal distinct characteristics, with a
nearly flat profile indicative of a cool companion and a dusty shell. This is in contrast to
D- and S-types, which exhibit intensity peaks at wavelengths between 2 and 4 µm and
between 0.8 and 1.7 µm, respectively [7].

As previously mentioned, the accretion object for most symbiotic stars is a white dwarf.
However, in a small number of systems, it is believed to be a neutron star. These symbiotic
X-ray binaries (SyXBs) represent a special class of symbiotic binaries that have garnered
significant interest among astronomers. One notable example is IGR J16194-2810, which
was observed in the low/hard state using the Suzaku X-ray satellite. This particular SyXB
has been classified as a low-mass X-ray binary [8,9] since the system is composed of an
M-type giant and probably a neutron star [10].

Symbiotic systems show a complex emission spectrum with plenty of lines of different
ionization degrees and forbidden transitions and also show a different phenomenology,
including stellar pulsations (semi-regular and Mira variables), orbital variations, and slow
changes due to dust. These systems are interesting objects to study the formation and
evolution of gaseous and dusty circumstellar or circumbinary environments, providing
clues to investigate other related objects, such as those showing the B[e] phenomenon.
Symbiotic stars may also help to solve one of the timeliest problems in modern astrophysics,
the missing progenitors of Type Ia supernovae (SNe Ia).

Observations in the IR are particularly important for those systems in which the cold
companion is hidden in the optical spectral range. For example, the water vapor and carbon
monoxide absorption bands observed in the 1–4 µm spectral range allow us to describe the
characteristics of the late-type stars in these systems. It is interesting to note that, in systems
with extremely dense environments, the CO-bands might turn into emissions. So far, BI Cru
has been known for a long time to show intense CO-bands in emission [11]. Furthermore, H
1-25 (Hen 2-251) and RX Pup were reported by Schmidt and Mikołajewska [12] as symbiotic
stars whose spectra show evidence of weak CO emission instead of absorption.

In a previous work, the medium-resolution K-band spectra of a sample of eight
symbiotic objects were presented [13]. These observations were used to characterize the
cool companions based on their CO first-overtone absorption bands along with measured
equivalent widths of Na I and Brγ. Now, in order to obtain a more complete picture
of each source, we present the H-band spectra of the same objects and follow a different
approach. We derived the effective temperature of the late-type components using synthetic
spectra computed with the MARCS atmosphere model’ code [14]. However, considering
the significant deviation of effective temperatures in red giant stars from temperatures
derived using blackbody models, we propose to implement the correction recommended
by Akras et al. [7], thereby obtaining what we will refer to as an equivalent temperature
TE. These results were used to estimate a more solid spectral type determination of the red
giant.

The paper is structured as follows: Section 2 provides a description of the observations
and data reduction process. Section 3 presents the fitting with the MARCS model spectra,
the determination of the equivalent temperature TE, the estimation of the spectral type
for each symbiotic object, along with a concise overview of each object. In Section 4, we
analyze the advantages and disadvantages of the spectral classification in different spectral
bands. Finally, Section 5 ends the paper with our conclusions.

2. Observations and Data Reduction

On 8 June 2014, a selection of nine southern symbiotic stars was observed with the
Ohio State InfraRed Imager/Spectrometer (OSIRIS), coupled to the 4.1 m telescope of the
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Southern Observatory for Astrophysical Research (SOAR, Cerro Pachón, Chile) under the
proposal ID: SO2014A-009. The selected instrumental configuration consisted of a single-
order long-slit spectrometer and the camera f/7 to obtain medium-resolution (R∼3000)
spectra in the H- and K-bands. The spectral coverage reached λλ 1.50–1.77 µm and λλ
2.0–2.4 µm for the H- and K-bands, respectively. The data of eight symbiotic stars obtained
in the K-band were published by Marchiano et al. [13].

During all observations, several offset patterns following an ABBA cycle were taken,
and the AB pairs were subtracted to remove the sky emission. Each spectrum was flat-
fielded, telluric-corrected, and wavelength-calibrated. The reduction process was carried
out with the IRAF 1 software package.

Relevant information on the observed targets is given in Table 1. There, we list the
star names, the stellar coordinates, the H and K magnitudes, and the IR classification type
(D or S) [7,15], and in the last six columns, we show the spectral type of the cool component
determined from near-IR spectra (using wavelengths between 7000 and 10,000 Å), the effec-
tive temperature Tcool , the references where we obtained these data, the spectral type of the
cool component derived from the CO-bands at 2.3µm by Marchiano et al. [13], the spectral
type of the cool component obtained in this work, and the equivalent temperature TE,
which we will explain in the next section.

Table 1. Stellar sample data with literature classifications.

Object α δ H K Type Sp.T. Tcool Ref. Sp.T. Sp.T. TE
(h:m:s) (◦ ’ ”) (mag) (mag) (K) Ref. [13] this work (K)

BI Cru 12:23:26 −62:38:16 6.187 5.064 D M0–M1 - 1 - - -
RS Oph 17:50:13 −06:42:28 6.858 6.5 S M2 4100 3, 4 K1–K2 G8 4760
Hen 3-1341 18:08:37 −17:26:39 7.892 7.479 S M4 3500 2, 3 K3 K3 4170
CL Sco 16 54 51 −30 37 18 - 7.86 S M5 3400 3 M0 M5 3430
SY Mus 11:32:10 −65:25:11 8.14 4.593 S M4.5 3400 2, 3 K4–K5 M4 3490
RT Cru 12:25:56 −61:30:28 5.583 5.185 D M6 - 5 M3.5 M3 3660
V347 Nor 16:14:01 −56:59:28 5.811 4.943 D M7–M8.5 - 2 M2.5–M3.5 M0 3970
KX TrA 16:44:35 −62:37:14 6.409 5.979 S M6 3300 2, 3 M2 M3 3600
V694 Mon 07:25:51 −07:44:08 5.471 5.069 S M6 3300 2, 3 - M2 3720

References: 1. Schulte-Ladbeck ([16]), 2. Mürset and Schmidt ([17]), 3. Gałan et al. ([18]), 4. Zamanov et al. ([19]),
5. Pujol et al. ([20]).

3. Results

The H-band spectral observation of each symbiotic system listed in Table 1 is pre-
sented in Figure 1. This figure shows the complete set of spectra, which were normalized
and vertically shifted to ease inspection and comparison. The spectra are first displayed
according to the presence of CO-bands in emission and then according to the strength of
the atomic absorption lines.
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Figure 1. Comparison between the H-band spectra of our sample stars observed with SOAR/OSIRIS
(black) and the best synthetic spectra computed with the MARCS model atmospheres (in different
colors). Brackett series are indicated in gray, emission/absorption of CO in red, Mg I in green, and Si
I in light blue. Ca I lines (1.6150µm, 1.6157µm, and 1.6197µm) are indicated with a pink band
and Al I lines (1.67504µm, 1.67505µm, 1.67189µm and 1.67633µm) with a yellow band. The stellar
parameters of each model are also provided.
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Our observations showed that all lines in BI Cru were in emission, and the remaining
objects all showed CO-bands in absorption. More accurately, carbon monoxide molecules
were observed in strong absorption in all stars, confirming the typical atmosphere of cool
giants [21].

As a special case, the same as what was seen in the K-band [13], was RS Oph, which
showed a weaker CO-band intensity than expected for the spectral type of the cool compo-
nent. This weakening might be a consequence of the presence of dust with a temperature
of ∼1000 K. Such a warm, dusty envelope veils the stellar photospheres and contributes
to the total SED with emission of the absorbed and scattered stellar light at wavelengths
longer than 2µm [22].

Brackett series emission was significant in the spectra of BI Cru and Hen 3-1341.
In addition to the lines of the hydrogen series, we also identified lines from Mg I, Ca I, Si I,
and Al I. The Mg I line at λ 1.7109µm was present in eight of the nine stars of our sample
in absorption and in emission only in BI Cru. Note that the Si I line at λ 1.5888µm was
blended with a line of the Brackett series; it is important to take this into account in future
observations with higher resolution to better distinguish the contributions of each line.

We fit the observations with the MARCS model spectra [14] to obtain the effective
temperature (Teff). A grid was computed for M giant stars, covering the temperature range
2500 K ≤ Teff ≤ 4600 K, with a step of 100 K. Models were generated with a power
resolution of R = 3000, solar metallicity [M/H] = 0, v sini = 8 km s−1, and 30 km s−1

and log g = 3.0, 2.5, and 2.0. For temperatures lower than 3500 K, the microturbulence
was taken with a value of 4 km s−1 and the macroturbulence equal to 8 km s−1. For a
hotter grid (temperatures higher than 3500 K), lower values for microturbulence (1 km s−1)
and macroturbulence (3 km s−1) were considered, based on typical values adopted by
studies of red giants and symbiotic stars [23,24]. On the one hand, it is important to
note that the projected rotational velocity v sini = 8 km s−1, or 30 km s−1, taken as a
fixed parameter, does not represent the majority of late-type giants in a symbiotic binary
system ([25–27]). On the other hand, due to the instrument’s spectral resolution used,
the minimum detectable velocity would be approximately 100 km s−1. Therefore, this
particular instrument would not resolve any velocity change below 100 km s−1.

In order to achieve a more accurate fit, we took into account not only the intensity
of the CO absorptions, but also the relative relationships between these lines and other
absorptions observed in each spectrum. The estimated values of Teff and log g of each
symbiotic star are shown on the right side of Figure 1. The error of Teff was estimated to be
around 100–200 K. Temperatures TE between parentheses refer to the correction made to
the effective temperature of red giant stars with Teff < 4000 K according to the polynomial
functions applied in the work of Akras et al. [7] and van Belle et al. [28]. We used this
correction to the Teff values derived from the MARCS model to enable their comparison
or equivalence with temperatures calculated via the blackbody approximation. Once this
correction is obtained, which we refer to as the equivalent temperature TE for convenience,
we applied the empirical relationships for red giants from the work of van Belle et al. [28]
to determine the corresponding spectral type.

A brief summary of each individual symbiotic system is provided below with a
description of the emission and absorption characteristics observed in this sample. It
is worth clarifying that all systems belong to the catalog of symbiotic stars published
by Belczynski et al. [15], which was used for the selection of the nine observed objects.
Furthermore, there exist more recent catalogs of symbiotic stars, such as those compiled by
Akras et al. [7] and Merc et al. [29].

BI Cru (= Hen 3-782 = WRAY 15-967):
BI Cru is a D-type symbiotic object. It is one out of three currently known symbiotic

stars in which CO molecular emission was detected in the near-infrared at 2.3µm [30],
which seems to be stable over long time intervals. From the modeling of the CO-band
emission detected in a high-resolution (R∼45,000) K-band spectrum, Marchiano et al. [31]
derived the kinematics and the physical properties of the molecular circumstellar medium.
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This CO emission is associated with a dense disk, which would form after one or more
episodes of intense mass loss from the red giant.

McCollum et al. [32] reported an IR shell of BI Cru more than five-times larger in arc
size than the star’s optical lobe. The temperature of this IR dust emission associated with
our object was estimated to be 1300 K [33,34].

RS Oph (= HD 162214 = MWC 414):
RS Ophiuchi is a symbiotic recurrent nova consisting of a white dwarf with a mass

near the Chandrasekhar limit that orbits inside the outer wind of a red giant. The system
has had numerous outbursts recorded in 1898, 1933, 1958, 1967, 1985, and 2006, and more
recently, in August 2021, it underwent its seventh optical eruption. Brandi et al. [35] re-
determined the spectroscopic orbit of this star based on the optical spectra over the decade
of 1998–2008.

The spectral type of the red giant and its temperature were estimated by Ribeiro et al. [36]
and Pavlenko et al. [37]. In Table 1, we mark the reference of Zamanov et al. [19] because these
authors applied a more precise method to classify the star. However, the spectral types
obtained both by Marchiano et al. [13] and through this work (see Table 1) indicated an
earlier spectral type than Zamanov et al. [19].

Hen 3-1341 (= V2523 Oph = SS73 75):
Hen 3-1341 is one of about ten symbiotics that shows hints of jets. According to

Stute et al. [38], its optical and ultraviolet spectra show strong emissions in the Balmer
continuum from N V, [Fe VII], and He II and the band at 6830 Å due to Raman scattering
by neutral hydrogen. Furthermore, the object’s infrared colors are appropriate for a cool
giant (Spectral Type M4) without circumstellar dust. In quiescence, Hen 3-1341 resembles
Z And, the prototype of symbiotic stars [39].

So far, no H-band observations have been reported. Our K-band observations [13]
revealed an earlier spectral type for the red giant of this symbiotic star (see Table 1).
From our fitting of the spectral features in the H-band, we found Teff = 3700 K and
TE = 4170 K if we applied the temperature scale correction [7,28]. With this correction,
we obtained the same spectral type found in the K-band. It is important to note that
CO-bands in the spectrum of this star (see Figure 1) could be contaminated with emission
lines. Furthermore, Hen 3-1341 presents emission lines that resemble those of BI Cru. New
observations of this star in this band will be necessary to better confine its temperature.

CL Sco (= Hen 3-1286):
Infrared radial velocities were used by Fekel et al. [40] to compute the orbital parame-

ters of this star. They obtained physical parameters adopting a period P = 625 days for a
circular solution, which agrees with Kenyon and Webbink [41]. Besides, the orbital solution
for both components was presented by Montané et al. [42].

In the near-IR, Gałan et al. [18] measured the photospheric chemical abundances
of this object from high-resolution (R∼50,000) spectra. They presented the observed K-
and H-band spectra of CL Sco together with synthetic spectra calculated using their own
abundance estimates. According to our fitting in the H-band, the obtained TE value would
indicate a later spectral type than that obtained by Marchiano et al. [13] from the analysis
of the K-band; however, this coincides with that obtained by Gałan et al. [18].

SY Mus (= HD 100336 = Hen 3-667):
Dumm et al. [43] obtained the orbital parameters of the M star in this eclipsing sym-

biotic system and observed an asymmetry in the UV continuum light curve, which they
explained as being caused by an asymmetric distribution of the wind from the cool compo-
nent.

SY Mus was observed at high resolution (R∼50,000) in the HA-, K-, and Kr-bands using the
Phoenix cryogenic echelle spectrometer on the Gemini South telescope by Mikołajewska et al. [23].
All the spectra cover a narrow spectral range of ∼100 Å. Spectrum synthesis employing
standard local thermal equilibrium analysis and atmosphere models was used to perform
an analysis of the photospheric abundance of CNO for the red giant component. They ob-
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tained an isotopic ratio of 12C/13C ∼ 6− 10, which indicates that the giant has experienced
the first dredge-up.

In this work, we found that SY Mus has an effective temperature Teff = 2600 K.
Applying the temperature scale correction, we obtained TE = 3490 K. This result is close
to that published by Mürset and Schmid [17] and Gałan et al. [18], who indicated that the
cold companion has a spectral type M4.5. However, this differs from what was obtained by
Marchiano et al. [13], who found an earlier spectral type (see Table 1).

RT Cru (= HV 1245):
RT Crucis was classified as a symbiotic star by Cieslinski et al. [44], and the same authors

reported the presence of rapid variations in its brightness. Gromadzki et al. [45] using optical
and IR observations, detected two periodicities in the light curves: Po = 325± 9 days and
Pp = 63± 1 days, which corresponded to the orbital and pulsation periods of the red giant,
respectively.

RT Cru also attracted attention due to the discovery of hard X-ray emission detected in
2003–2004 with INTEGRAL/IBIS, which promoted the study of how accumulated material
advances through a disk and reaches the surface of the white dwarf [46].

Using the first-overtone band of CO in the K-band, Marchiano et al. [13] found
that the spectral type of the red giant companion was earlier than the one published
by Pujol et al. [20]. A result in agreement with Marchiano et al. [13] was obtained in this
work using synthetic spectra computed by MARCS model atmospheres in the H-band,
as can be seen with the best fit in Figure 1 and in Table 1.

V347 Nor (= Hen 2-147 = WRAY 16-208):
This is a symbiotic Mira star. It has a pulsation period of 373 days and lacks the

obscuration events typical of many other D-type symbiotics [47]. Its extended nebula
was first modeled as an expanding ring inclined with respect to the plane of the sky
by Corradi et al. [48]. Utilizing Doppler shift measurements from VLT integral-field spec-
troscopy in combination with the HST images, Santander-García et al. [47] demonstrated
that the intrinsic geometry of the nebula is indeed that of a circular, knotty ring of ionized
gas. This ring was found to be inclined by 68 degrees with respect to the line of sight and
to expand with a velocity of ∼90 km s−1.

We present here the first H-band spectrum for this symbiotic system. Figure 1 also
shows that the best-fitting spectrum gave a spectral type not only earlier than the one found
by Mürset and Schmid [17], but also earlier than the one found by Marchiano et al. [13]
(see Table 1).

KX TrA (= Hen 3-1242):
KX TrA is a high-excitation S-type symbiotic binary. Its optical and near-IR spectra

were studied by Ferrer et al. [49] and Marchiano et al. [50]. With observations taken
between 1995 and 2007, they determined an orbital solution to the absorption lines of the
red giant through the radial velocity curve. Since 2004, the system has entered into a period
of activity.

Gałan et al. [18,51] presented high-resolution (R∼50,000) near-IR spectra for a sample
of symbiotic systems. They employed stellar atmosphere models using a standard local
thermal equilibrium analysis and derived the chemical abundance of several systems
including KX TrA. Adopting the spectral type shown in the seventh column in Table 1,
their analysis revealed a slightly subsolar metallicity ([Fe/H] ∼ −0.3) for KX TrA. Based
on our analysis (see Figure 1 and Table 1), the spectral type was slightly later than the
spectral type reported by Marchiano et al. [13] and was earlier than the one adopted by
Gałan et al. [51] cited above.

V694 Mon (= MWC 560):
The most-spectacular features in the optical spectrum of V694 Mon are the broad

absorption lines, most prominently at the Balmer transitions. V694 Mon is a symbiotic star
in which the accretion disk drives a powerful high-velocity jet during outbursts, producing
broad, blue-shifted, variable absorption lines from atomic transitions that extend up to
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thousands of km s−1, not only in the optical range, but also in the IR, near-ultraviolet,
and far-ultraviolet [52,53].

By fitting the observations of the donor star, we derived for the first time its effective
temperature of Teff = 3000 K (see Figure 1). We also obtained, through the black body
approximation, the TE value, which allowed us to estimate the spectral type of the cool
companion (see Table 1).

4. Discussion

Analysis of the near-infrared range in symbiotic systems is key to their study since it
has been used to classify these in S- and D-type stars based on their division into color–color
diagrams, (J-H) versus (H-K), and (H-K) vs. (K-L) [54]. In addition, the techniques used
in this region of the electromagnetic spectrum have proven to be the most-suitable for
finding the spectral type of the late-type component in these binary systems. Moreover,
the near-infrared is typically not contaminated by the nebula and the emission from the hot
component, which both strongly affect the spectra at optical wavelengths.

Keenan and Hynek [55] introduced the spectral classification for the cool component
of symbiotic binaries using the red TiO-bands, which increase in strength with decreasing
temperature. Sharpless [56] solved the spectral classification using the characteristics of the
most-important molecular bands between 7500 and 8900 Å. His temperature classification
was also based on the growth of the TiO- and VO-bands, but he found that the CN-bands
at 7916, 7941, 7878, and 8068 Å are useful luminosity discriminators in this spectral range
as well. According to Schulte-Ladbeck [16], numerous observations of symbiotic systems
are subject to contamination by emission lines from the nebula. This represents a source
of error because these lines weaken the absorption of molecular bands in relation to the
continuum. The longer wavelength bands are expected to be less affected since the IR
brightness of the red giant increases rapidly in that range.

The K-band has been widely employed in most spectroscopic studies of cool or
obscured objects, due to their higher brightness in this band compared to the J- or H-
bands. Moreover, for the spectral classification of cool stars, several atomic features of Mg
I, Ca I, and Na I are utilized, along with the band heads of the first-overtone CO-bands,
which dominate the K-band spectra. Nevertheless, observations have revealed that stars of
spectral types K3-M5 also exhibit significant temperature and luminosity-sensitive features
in the H-band, including the lines of Mg I, Al I, and OH, and the band heads of the CO
second overtone bands [57].

The circumstellar dust in symbiotic systems (more noticeable in D-type than S-type
stars) often causes a continuum emission excess in the IR, which can reach down to
wavelengths of around 2µm. If this is the case, the excess emission can significantly
hinder the extraction of precise information about the photosphere of the cool component.
In such systems, shorter-wavelength spectra are required to identify and characterize the
underlying star.

After considering the pros and cons of performing spectral classification in different
near-infrared spectral bands, we propose that the H-band can provide valuable comple-
mentary information that can help to better constrain the parameters in symbiotic systems,
in particular the temperature of the red giants in dusty symbiotic systems whose K-band
spectra might be contaminated by the dust emission. It is also important to clarify that
the differentiation of the spectral types obtained in the H- and K-band for each symbiotic
object is based on observations that have been taken with the same instrument and within
the same observing run. The studies themselves, however, employed different methods.
The spectral classification found from the K-band spectra is based on measurements of
equivalent line widths [13], unlike in this study, where we used a more robust method.
Thus, an estimate of the similarities or differences between the spectral types obtained in
each band is not entirely accurate if a different methodology is used, but we are confident
that the presented analysis for the H-band spectra of symbiotic objects provides more
decent results regarding the classification of their cool components.
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5. Conclusions

To summarize, the IR spectra of symbiotic stars are a very useful tool to perform
spectral classification of the cool components of these systems [16]. They are also excellent
sources of information on the physical conditions of the disks from which molecular
emission (if detected) originates. On the other hand, for many years, different studies,
dedicated to the near-IR spectra of symbiotic stars have utilized low-resolution data, and
in general, many of those studies were restricted to a small sample of stars, some examples
being Schulte-Ladbeck [16], Kenyon and Gallagher [58], Schild et al. [59]. In the last two
decades, new instruments have given access to the IR spectral range and have made it
possible to obtain high-quality spectra with the necessary spectral resolution to improve
the understanding of these complex objects.

With the aim to enlarge the sample of symbiotic objects with near-IR classifications,
we presented the medium-resolution H-band spectra of nine symbiotic systems obtained
with the OSIRIS spectrograph. We summarize our results in two points:

• We observed CO emission only for BI Cru; the rest of the stars of our H-band sample
showed CO absorption lines. We identified some pronounced emissions of the hydro-
gen Brackett series in BI Cru and Hen 3-1341; in the other seven observed stars, these
lines were weaker or absent. We also identified the lines of Mg I, Si I, Al I, and Ca I.

• In the spectra with CO-bands in absorption, we fit these features with synthetic spectra
obtained using MARCS atmosphere models, and we estimated the values of Teff and
log g of the cool companion of each observed symbiotic system (see the right side of
Figure 1). Based on the scheme by van Belle et al. [28] and Akras et al. [7] for correcting
the temperatures of red giants, we derived an approximate spectral type of the cool
giant. The results are presented in the penultimate column of Table 1.
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Abstract: The Kepler and TESS space missions significantly expanded our knowledge of what types
of stars display flaring activity by recording a vast amount of super-flares from solar-like stars, as
well as detecting flares from hotter stars of A-F spectral types. Currently, we know that flaring occurs
in the stars as hot as B-type ones. However, the structures of atmospheres of hot B-A stars crucially
differ from the ones of late types, and thus the occurrence of flaring in B-A type stars requires some
extension of our theoretical views of flare formation and therefore a detailed study of individual
objects. Here we present the results of our spectral and photometric study of HD 36030, which is a
B9 V star with flares detected by the TESS satellite. The spectra we acquired suggest that the star
is in a binary system with a low-mass secondary component, but the light curve lacks any signs of
periodic variability related to orbital motion or surface magnetic fields. Because of that, we argue
that the flares originate due to magnetic interaction between the components of the system.

Keywords: stars flares; stars activity; stars binaries spectroscopic; early-type stars; stars individual;
HD 36030

1. Introduction

Stars classified as B-type span a very wide range of temperatures (from 25,000 to
11,000 K) and masses (from 50 M� for B0 Ia0 down to 3.5 M� for B9 V). They usually
display the variability related to changes of the photospheric structure, e.g., pulsations of
different varieties [1], such as: slowly pulsating B-type stars (SPB) [2,3], variables of the
β Cephei type [4], variables of the α Cygni type [5], or classical Be (CBe) stars [6]. Less
frequently, B-type stars show variability related to extended atmospheres and outflows,
usually observed in peculiar B-type stars, such as B[e] [7,8] or luminous blue variables
(LBVs) [9,10]. Quite unexpectedly, some B stars have also been shown to manifest very
energetic stellar flares (e.g., [11] and references therein)—unpredictable dramatic increases
in brightness for a few dozen minutes.

Such flaring activity is a well-known effect that is often seen both on the Sun and on so-
called flare stars. Energetic flaring events are attributed to the release of the energy stored
in coronal magnetic fields in magnetic reconnection events that accelerate the particles
(electrons and ions) to high energies, thus heating dense regions of the stellar atmosphere
and generating the flare-like emission in a wide range of frequencies, from radio to gamma-
rays [12,13].

Although the majority of flare stars were found among objects of late spectral types,
primarily cool K-M type red dwarfs [14,15], such outbursts were also detected in some hot
B–A type stars, both in the optical range [16–18] and in X-rays [19,20]. In cool stars (F5 and
later), the flares are linked with strong magnetic fields produced by a dynamo mechanism
working in sufficiently deep outer convection zones [21]. On the other hand, the interiors of
hot early-type stars are mostly radiative, with no convective motions to power the dynamo,
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and therefore magnetic field production is not expected in them, and other explanations of
the eruptive activity are needed.

Pedersen et al. [22] suggested that all flaring hot stars are parts of binary systems and that
the flares occur on unresolved cool components. However, Švanda and Karlický [23] and Bai
and Esamdin [24] found that the frequency distribution of flare energies for A-type stars is
steeper (with more flares having large energies) than the one for stars of later spectral types.
It may suggest that the nature of flares on hot stars is indeed different, and they are not
occurring on their colder companions. Balona [17,18] studied the variability of flaring B-A
type stars and argued that rotational modulation seen in them confirms the presence of
strong surface magnetic fields. One more possible mechanism for the flares may be related
to magnetic interaction between the components in a close binary system, as was suggested
by Yanagida et al. [20] for the pre-main sequence stars HD 47777 and HD 261902.

Currently, more than one hundred hot flaring B-A type stars are known from observa-
tions of the Kepler and TESS missions [11,17,18]. Van Doorsselaere et al. [25] demonstrated
that about 2.45% of all B-A stars display detectable flares. However, the nature of their
flares is still elusive. Thus, the study of these stars, and their possible binarity, is of
utmost importance.

This paper is devoted to the spectral and photometric study of HD 360301, classified
as B9 V [26] and belonging to the galactic open cluster ASCC 21 (or [KPR2005] 21 [27,28]).
For the first time, HD 36030 was mentioned as a flare star in Maryeva et al. [11], where the
authors searched for flare stars among confirmed members of galactic open clusters using
high-cadence photometry from the TESS mission. Maryeva et al. [11] found eight B-A type
flaring objects; among them, HD 36030 was the hottest. Independently, Balona [18] and
Yang et al. [29] also selected HD 36030 as a flare star while searching for flares in TESS
data. Despite being included in a couple dozens of catalogs, and being detected as an X-ray
source by the Swift X-ray Telescope (XRT) [30]), to date HD 36030 lacks any specific studies
devoted to it.

In Section 2, we present new spectral data, their analysis, and the results of atmospheric
modeling using the TLUSTY code. In Section 3, we perform the analysis of photometric
data on different time scales, and in Section 4, we discuss the results, the parameters
of the second component, and the nature of flares. Finally, short conclusions are given
in Section 5.

2. Spectroscopy of HD 36030
2.1. Observations

To clarify the nature of HD 36030 flaring activity, we initiated its spectral monitoring
at the Perek 2 m telescope of the Ondřejov observatory of the Astronomical Institute of
the Czech Academy of Sciences. High-resolution spectra of HD 36030 were obtained with
the Ondřejov echelle spectrograph (OES) [31,32] during the autumn of 2021 and spring
of 2022 (Table 1). The OES provides a wavelength range of 3750–9200 Å and a spectral
resolving power of 50,000. The spectra were reduced using a dedicated IDL-based package.
After primary reduction, all spectra were normalized and corrected for barycentric velocity.

Table 1. Log of HD 36030 observations at Perek 2 m telescope.

Date Exposure [s] Sp. Range [ÅÅ] Instrument

19 Sep 2020 3600 6250–6740 Coudé
24 Oct 2021 5200 3750–9200 OES
29 Oct 2021 5200 3750–9200 OES
6 Jan 2022 5200 3750–9200 OES
2 Feb 2022 3× 5200 3750–9200 OES
10 Mar 2022 2× 5200 3750–9200 OES
11 Mar 2022 2× 5200 3750–9200 OES
18 Mar 2022 5200 3750–9200 OES

Hydrogen lines in the acquired OES spectra have profiles with broad wings, with the
width of the lines comparable to an echelle spectral order. For this reason, for the spectral
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normalization in the Hα region we used the medium resolution spectrum of HD 36030
covering a 6250–6740 Å range acquired using the Coudé spectrograph (R ' 13000; Slechta
and Skoda [33]), which was also obtained at the Perek 2-m telescope on 20 September 2020.
The spectrum was reduced using an IDL-based package, in the same way as described in
Maryeva et al. [34]. Unfortunately, we have medium-resolution spectra only for the Hα
region, so we could not perform the same routine for the orders containing other hydrogen
lines. For them, we performed manual continuum drawing, and thus the normalization in
these regions is less robust.

2.2. Spectral Analysis

In the spectrum of HD 36030, there is a strong Mg II λ4481 line, Ca II λ3933, 3968
doublet, Mg I λ5167, 5172, 5183 triplet, as well as a number of Fe II lines. All the lines in
the spectrum besides the hydrogen lines are narrow. As it was noted above, the hydrogen
lines show prominent Voigt profiles, which are a signature of the Stark effect (Figure 1). It
is possible to also detect the lines of He I λ4471, 5876, which is a piece of evidence that the
star is hotter than A0 [35]. Figure 2 shows a comparison of the HD 36030’s spectrum with
ones of B9 V and A0 V stars.

Figure 1. Comparison of broad wings hydrogen lines and narrow of Mg II λ4481 observed in the
spectrum of HD 36030.
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Figure 2. Comparison of HD 36030 spectrum with the ones of B9 V and A0 V stars. Spectra of
HD 18538 and HD 19065 are taken from IACOB database [36–38] (spectral resolution is R = 85,000),
whereas the spectrum of HD 195198 is from [39] (R = 42,000). Unnamed lines correspond to Fe II.

We estimated the reddening by comparing the photometric data from the Tycho-2
catalogue [40] (B = 8.95± 0.02 mag and V = 8.96± 0.01 mag) with the intrinsic color for a
B9 star2 ((B−V)0 = −0.07 mag; Pecaut and Mamajek [41]) as E(B−V) = 0.06 mag. Then,
assuming the distance to its host cluster ASCC 21 to be d = 345.5+12.3

−11.6 pc [28], the absolute
magnitude of HD 36030 is MV = 1.09± 0.07 mag. It is fainter than the expected absolute
magnitude of a B9 dwarf (MVtable = 0.5 mag from the table of Pecaut and Mamajek [41]).
However, the location of HD 36030 in the Hertzsprung–Russell (HR) diagram for
ASCC 21 cluster (Figure 3) accurately corresponds to the Main Sequence, and therefore we
consider HD 36030 to be a B9 dwarf (B9 V), in agreement with Houk and Swift [26].
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Figure 3. Hertzsprung–Russell diagram for the ASCC 21 cluster based on Gaia photometric data
and compared with PARSEC isochrones [42] for the solar metallicity Z = 0.014. Age of the cluster
(10.8 Myr) is taken from Bossini et al. [43]. Red circle shows the position of HD 36030.

Lines in the spectrum of HD 36030 clearly display a shift from night to night. We
measured radial velocities (RVs) of selected lines (collected in Table 2). For the RV measure-
ments, we used Gaussian profile fittings, and, for the case of hydrogen lines, we measured
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the positions of the narrow central absorptions. As Table 2 shows, the lines of different
elements and ions differ in RV. RVs of Mg II λ4481 and O I λ8446 lines are higher than
those of other lines, but all the lines demonstrate the same pattern of variability. Figure 4
shows average RVs, and those of the interstellar Na I λ5890, 5896, measured in the same
way as a reference. The scatter of the RV values is from 6 up to 45 km s−1, and they clearly
show that HD 36030 is a binary system. However, we do not see any lines of the secondary
component in the spectrum, so we classified HD 36030 as a single-lined spectroscopic
binary (SB1) system.

Figure 4. Radial velocity curve for HD 36030. Red dots display average values for radial velocity
for different lines listed in Table 2 for a given night. Error bars represent the spread of individ-
ual line velocities. For comparison, black dots show the average velocity of the NaI λ5890, 5896
interstellar doublet.

2.3. Spectral Analysis with XTGRID

To determine the atmospheric parameters of HD 36030 in local thermodynamic equi-
librium (LTE), we fitted its OES observations with synthetic spectra calculated from TLUSTY

(v207) model atmospheres [44–46]. The models include opacities from H, He, C, N, O,
Ne, Mg, Si, P, S, and Fe. The spectral analysis was done with a steepest-descent spectral
analysis procedure, implemented in the XTGRID code [47]. The procedure is a global
fitting method that simultaneously reproduces all line profiles with a single atmosphere
model. XTGRID starts with an input model and, by successive approximations, it calcu-
lates new model atmospheres and their corresponding synthetic spectra iteratively in the
direction of decreasing χ2. The procedure adjusts the atomic data and microphysics to the
changing conditions in the atmosphere as the iterations move across the parameter space.
Once the fitting procedure reaches the global minimum, statistical errors are calculated by
changing each parameter in one dimension until the χ2 variation corresponds to the 60%
confidence. To avoid local minima, the procedure returns to the descent part if a better fit
is found during the error analysis. Our models evaluated the conditions for convection,
but the convective gradients indicated there are no convective layers in the atmosphere.
We have made attempts to calculate non-LTE models and evaluate departures from the
LTE approximation; however, all such models met numerical instabilities and failed. A
non-LTE analysis will require the latest version of TLUSTY (v208) and will be reported in a
forthcoming publication.

The spectroscopic parameters obtained from TLUSTY LTE models are summarized in
Table 3, and the best fit is shown in Figures 5 and 6. The large error of log g measurement is
mostly due to uncertainties in the continuum normalization of the broad hydrogen lines.
Such big uncertainties in log g and Teff give us a broad range of a possible mass of the
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star, M = 2.1÷ 9 M�. However, the position of HD 36030 in the HR diagram (Figure 3) is
consistent with M∗ = 3 M�.

To check the validity of TLUSTY models, we have repeated the analysis with inter-
polated ATLAS9 LTE models from the BOSZ spectral library [48]. The ATLAS9 models
confirmed the effective temperature and surface gravity within error bars, but the BOSZ
library was calculated for scaled solar metallicities; therefore, it is not suitable to derive
individual element abundances for further comparisons.

Table 2. Radial velocity measurements for different lines on different nights; Avg is average values for
radial velocity. The colons after values mark the data with lower accuracy of position determination.

Time, JD-2450000
9512.463 9517.464 9586.371 9613.234 9628.234 9649.242 9650.239 9657.250

SiII 4128.05 21.26 7.35 44.53 45.61 42.53 37.62 27.39 35.31
SiII 4130.89 21.38 6.08 42.73 42.74 42.78 36.76 25.79 38.09
FeII 4173.45 24.71 6.17 43.38 46.39 45.07 37.99 29.35 —–
FeII 4233.17 19.55 5.53 43.25 45.08 43.40 36.20 27.51 30.84
Hγ 4340.46 20.90 4.89 41.99 42.87 43.36 38.13 27.30 22.44
MgII 4481.13 27.91 12.49 50.22 50.94 49.62 42.80 33.23 38.11
FeII 4508.29 20.93 5.05 44.73 44.03 42.33 35.62 26.79 —–
FeII 4515.34 21.28 5.71 44.66 42.45 44.85 36.23 26.38 32.61
FeII 4522.63 23.46 7.39 46.31 46.10 44.30 36.18 26.59 —–
FeII 4549.47 24.81 8.55 47.36 47.38 46.01 39.46 29.39 36.36
FeII 4555.89 22.38 5.94 43.32 45.34 43.85 37.01 26.06 31.53
FeII 4583.83 22.67 6.07 43.86 44.88 43.46 36.80 27.50 33.81
CrII 4588.20 20.39 6.64 45.12 44.18 44.73 36.67 26.42 30.59
FeII 4629.33 20.62 5.47 44.98 43.82 42.56 36.69 26.55 29.68
Hβ 4861.32 21.70 5.63 44.51 45.16 44.30 36.38 27.23 25.98
FeII 4923.92 22.13 5.95 45.11 45.21 43.15 36.97 27.57 30.14
FeII 5018.44 22.00 6.52 44.92 44.76 44.00 36.79 27.83 31.05
SiII 5041.03 20.91 6.32 42.70 44.29 42.67 36.25 26.98 30.38
SiII 5055.98 26.04 10.63 47.98 50.36 47.87 41.70: 32.30 35.37
FeII 5100.73 21.90 6.55 44.71 45.12 44.78 36.76 27.72 33.09
FeII 5169.03 21.08 5.51 43.81 44.09 43.33 37.20 26.70 30.81
MgI 5172.68 21.90 7.20 45.38 45.56 44.21 36.98 28.01 31.29
MgI 5183.60 22.55 5.94 44.42 45.90 44.59 36.94 28.05 31.03
FeII 5197.57 22.46 5.67 43.52 43.66 42.24 36.93 26.73 30.18
FeII 5275.99 23.09 6.38 42.87 46.52: 42.09 34.90 26.02 32.96
FeII 5316.62 22.64 7.90 45.74 45.18 44.90 37.40 28.14 33.12
FeII 5362.87 21.55 5.46 43.33 45.05 43.59 36.20 27.05 30.11
SiII 6347.09 20.44 5.18 42.55 42.56 42.20 35.66 25.80 29.80
SiII 6371.36 21.61 6.10 —– 44.44 43.67 36.53 27.15 30.10
Hα 6562.79 21.68 6.14 46.75 45.92 43.88 37.15 27.34 31.29
MgII 7877.13 —– 0.89 39.54 —– 41.64 34.30 23.38 24.77
MgII 7896.37 —– −2.87 43.00 44.15 41.05 35.66 24.90 ——
OI 8446.35 28.33 12.08 49.48 48.55 49.32 40.71 32.85 34.61

Avg 22.40+5.94
−2.85 6.72+5.77

−1.84 44.58+5.63
−5.05 45.15+5.79
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Figure 5. Normalized spectrum (grey line) of HD 36030 taken on 29 October 2021 with OES spectro-
graph compared with the best-fitting TLUSTY model (black line). The absolute values of the residuals
between observed and synthetic spectra are shown in red.
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Figure 6. Selected intervals from Figure 5.

Table 3. Surface parameters of HD 36030 from the analysis of the OES spectra.

Parameter Value

Teff (K) 11,900 ± 1100
log g (cm s−2) 4.69 ± 0.15

v sin i (km s−1) 15.00 ± 0.94

Abundance by number mass fraction solar fraction
log (nX/nH) log (ε/ε�)

H (reference) 1 9.16 × 10−1 0
He −1.75 ± 0.32 6.49 × 10−2 −0.68
C <−2.3 <4.60 × 10−4 <−0.8
N <−1.9 <1.36 × 10−3 <−0.2
O −3.25 ± 0.02 8.11 × 10−3 0.06
Ne <−2 <1.50 × 10−3 <−0.03
Na −5.42 ± 73 7.89 × 10−5 0.34
Mg −4.39 ± 0.04 9.00 × 10−4 0.01
Al −5.89 ± 0.49 3.19 × 10−5 −0.34
Si −4.21 ± 0.08 1.59 × 10−3 0.28
Ca <−5.48 <7.3 × 10−5 <−0.04
Ti −7.00 ± 0.11 4.38 × 10−6 0.05
Cr −6.11 ± 0.21 3.67 × 10−5 0.25
Mn −6.94 ± 0.88 5.73 × 10−6 −0.37
Fe <−4.13 <3.74 × 10−3 <0.37
Ni <−5 <5.34 × 10−4 <0.78
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3. Photometry

In order to investigate the short time scale photometric variability of HD 36030, we
used the data from the Transiting Exoplanet Survey Satellite (TESS; Ricker et al. [49]).
HD 36030 was observed by TESS twice during its ongoing operation, in Sector 6
(11 December 2018–7 January 2019) of the prime mission, and Sector 32 (19 November
2020–17 December 2020) of the extended mission. We downloaded the data products for
these observations produced by the TESS Science Processing Operations Center pipeline
(SPOC; Jenkins et al. [50]) and available at the Barbara A. Mikulski Archive for Space Tele-
scopes (MAST)3 public data archive. We used the data products for the Long Cadence
data, having 1800 s effective exposure during the prime mission, and 600 s—during the
extended mission. In order to minimize the instrumental effects that are abundant in
TESS data, we decided to use pre-search data conditioning simple aperture photometry
(PDCSAP) light curves, which are corrected for instrumental trends using singular value
decomposition, as well as for flux contributions from nearby objects in crowded fields [50].
We also filtered out the measurements marked with bad quality flags. We did not apply
any additional detrending or pre-processing to the data, and the resulting light curves are
shown in Figure 7.
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Figure 7. TESS light curves (blue lines) of HD 36030 for two sectors when the object was observed.
Visually selected flares in both sectors are highlighted in red and also shown in the separate panels
on the right. The total energies of the flares as well as their durations are also shown. Orange lines
represent the smooth interpolation of a quiescent light curve behaviour during the flare, used for
removing background contribution from its energy.

The light curve from Sector 6 shows a strong flare that has already been reported by
Maryeva et al. [11] and Balona [18]. Visual inspection of Sector 32 also revealed a flare of
smaller amplitude but similar duration. Both flares are shown in Figure 7. We characterized
them by subtracting the smooth quiescent emission and integrating the flare profile to get its
total fluence and fitted the fading part with an exponential function to get the characteristic
duration, which we define as an e-folding time.

We also estimated the total energetics of the flares by integrating the flare profile after
subtraction of a smooth trend of a star’ quiescent emission. In order to correct for the
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fact that the majority of both the star and flare emission is outside of the TESS sensitivity
range, we applied the bolometric corrections by convolving the spectrum of the star as well
as flare spectrum with the sensitivity curve of TESS. As the temperatures of flares on the
hot stars are not known yet, as a conservative estimate, following Shibayama et al. [51] and
Günther et al. [15], we assumed the flares to have a blackbody spectrum with T = 9000 K,
whereas for the star we used the spectral energy distribution of the best fitting TLUSTY model
derived in Section 2.3. Then we used these bolometric corrections to convert the relative
amplitude of the flare to its relative total fluence, and, knowing the luminosity of HD 36030,
we converted them to absolute values. The resulting flare energies are shown in Figure 7.

In mid-October 2022, we also initiated a series of photometric observations of HD 36030
on FRAM-ORM, which is a 10-inch Meade f/6.3 Schmidt–Cassegrain telescope with custom
Moravian Instruments G2-1600 CCD installed in the Roque de Los Muchachos Observatory,
La Palma. The data were acquired in Johnson–Cousins B (20 s exposures), V, and R filters
(10 s exposures) to avoid saturation due to the brightness of the star and then automatically
processed by a dedicated Python pipeline based on the STDPIPE package [52], which
includes bias and dark current subtraction, flat-fielding, cosmic ray removal, astrometric
calibration, aperture (with a 5-pixel radius) photometry, and photometric calibration using
the catalog of synthetic photometry based on Gaia DR3 low-resolution XP spectra [53].
The resulting light curve is shown in the upper panel of Figure 8.
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Figure 8. Light curves of HD 36030 from FRAM-ORM (upper panel) and Mini-MegaTORTORA
(lower panel). FRAM-ORM observed the star in three Johnson–Cousins photometric filters, whereas
Mini-MegaTORTORA data are in white light and re-calibrated to Johnson V bandpass. Both light
curves lack any signs of systematic variability or statistically significant flares.

Finally, in order to assess the longer time scale variability of HD 36030, we acquired its
photometry from the data archive of Mini-MegaTORTORA [54], which is a nine-channel
wide-field optical monitoring system with high temporal resolution, operated since mid-
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2014 and located at the Special Astrophysical Observatory, Nizhny Arkhyz, Russia. As part
of its systematic observations of the northern sky, primarily targeted at the detection and
characterization of optical transients on a sub-second time scale, it acquires deeper “survey”
images with 20 to 60 s exposures in white light, covering every point of the northern sky on
average several times per night. These images are processed by a dedicated pipeline that,
apart from standard calibration steps, determines the effective photometric system of every
frame and then employs this information to derive the (B− V) colors of every star and
re-calibrate the measurements to a Johnson V filter [55]. The resulting measurements are
published online on the dedicated portal4. The data for HD 36030 have been extracted from
the Mini-MegaTORTORA archive and passed through quality cuts in order to filter out the
points corresponding to bad weather intervals and images where photometric calibration
was too noisy. This resulted in more than 2300 points with good V magnitudes for the star,
spanning more than 8 years since mid-2014.

The light curves from both TESS sectors display prominent oscillating patterns,
but with sufficiently different amplitudes and characteristic time scales. The upper panel
of Figure 9 shows the Lomb–Scargle periodogram [56,57] of both light curves. There are no
common peaks visible. Thus, we may attribute the oscillations to residual instrumental
effects not fully corrected by the data processing, or probably to some complex pulsa-
tional pattern of the star. We also computed the periodograms of the FRAM-ORM and
Mini-MegaTORTORA light curves. For the former, we used the approach of VanderPlas
and Ivezić [58] to get the combined periodogram of the measurements in all three colors.
The periodograms are also shown in Figure 9. They display no prominent peaks or struc-
tures common to all light curves, and so we may conclude that we see no signs of any
photometric periodicity in HD 36030.
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Figure 9. Lomb–Scargle periodograms of HD 36030 light curves from TESS, FRAM-ORM, and Mini-
MegaTORTORA. For TESS, the data for both sectors are shown in the upper panel. The peaks there
supposedly correspond to uncorrected instrumental effects in the light curves. The middle panel shows the
multiband periodogram [58] for the FRAM-ORM light curve, and the lower panel shows the periodogram
of Mini-MegaTORTORA data. There are no high-significance peaks visible in both of the latter panels.
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4. Discussion

Our new spectroscopic data clearly display changes in the RV of HD 36030 across
different epochs of observations. It directly testifies to the binarity of the star, which
is thus an SB1 binary, as there are no spectral signatures of a second component in the
spectrum. Although our data are too scarce to measure the orbital period, from Figure 4 we
may constrain it as follows. The fastest change we see it is about 10 km s−1 between two
consecutive nights, with a total spread of velocities of about 38 km s−1. Thus, the period
should not exceed about 8 days, which gives the mass function of a second component
f = M3

2 sin3 i/(M1 + M2)
2 < 0.006M�. Thus, it favors a low-mass companion on an orbit

with low to moderate inclination, which is consistent with the absence of eclipses in the
light curve. The semi-major axis of the orbit is a < 1.7 · 1012 cm assuming the total system
mass of 3M� and the period shorter than 8 days. Further spectral monitoring is necessary
in order to better constrain the parameters of the second component of the system, as well
as orbital parameters.

On the other hand, we do not see any signs of periodic variations in the light curves
(see Figures 7 and 9) on these time scales, apart from quasi-periodic structures in the
TESS data, with both periods and amplitudes varying both within the spans of individual
observations and between different epochs, which we cannot attribute to the binary period.
Their frequencies are also lower than the ones of rotational modulation seen in B-type stars
in both Kepler [59] and TESS [60] data, so we assume that these oscillations are also not
a signature of stellar rotation that might appear due to, e.g., starspots on the surface of
HD 36030, but most probably they are a signature of uncorrected systematic effects in the
data (see, e.g., Hattori et al. [61]).

We detected two flares on HD 36030 in the TESS data from two sectors, i.e., one in each
27-day series of continuous observations separated by nearly two years, meaning that these
flares are not some extreme events but occur regularly. It is consistent with the detection
of repeating flares on hot stars by Yang et al. [29]. The energies of these flares5, 2.2 · 1036

and 6.1 · 1035 erg, place them among the most energetic ones detected by Balona [18] and
Yang et al. [29] (see Figure 10). This fact makes it highly improbable that the flares originate
from the low-mass companion6 of HD 36030, which may only be a late-type, low-luminosity
star due to the absence of any spectroscopic signature from it and a very low value of its
mass function, which implies its low mass for reasonable range of values of the system’
inclination angle. On the other hand, our modeling of HD 36030 suggests that it lacks
the convective layers that may produce magnetic fields. There are no conclusive signs of
surface magnetic fields—no strict periodicity in the light curve disfavors the presence of
starspots; however, quasi-periodic patterns seen in Figure 7, if they are not instrumental in
nature, may in principle be the manifestation of short-lived spots on HD 36030 surface—but
in the absence of convection, the formation of such spots may be unrealistic. The star also
lacks any signs of peculiarities in its spectra, such as additional emission components in
hydrogen lines that might be a sign of a circumstellar outflow or disk that might help
generate the magnetic fields due to star–disk interaction. However, the presence of a low-
mass companion star, most probably possessing significant magnetic fields, on a close orbit
around HD 36030 may be the source of magnetic fields spanning across the system and
both storing the energy enough for powering the flares and maybe inducing the starspots
on HD 36030 surface.

Thus, we may conclude that the only mechanism that may produce the magnetic fields
necessary for powering the energetic flares may be the interaction between components
inside the binary system.
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Figure 10. Energies of the flares of HD 36030 (red circles) in comparison with the ones detected
by Yang et al. [29], as a function of the effective temperatures of the stars. The temperatures are
originating from Gaia DR2 [63] and are underestimated for the hottest objects. The colors of the dots
represent the density of points.

5. Conclusions

We performed a dedicated study of HD 36030, which was the hottest flare star detected
by Maryeva et al. [11]. We found one more flare in the TESS data that confirmed the
repeating nature of the flaring. We initiated a spectroscopic monitoring of the star in order
to better understand the physics behind these flares. The spectra did not display any
peculiarities and suggest that HD 36030 is a normal main-sequence B9 V star. On the other
hand, we clearly detected radial velocity changes between different epochs of observations,
thus confirming the binarity of the star. We did not detect any coherent variability in the
light curve of the star, so we could not estimate the period of the orbital motion of the star
or confirm the presence of the spots on its surface. The latter may be a sign of the absence
of strong surface magnetic fields on HD 36030. Thus, the question of the origin of magnetic
field powering the strong flares from HD 36030 is still open, and we favor the magnetic
interaction with a second low-mass component in a binary system as their cause.
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RV Radial velocity
SB1 single-lined spectroscopic binary
TESS Transiting Exoplanet Survey Satellite

Notes
1 RA 05h28m58s · 526; Dec +03◦38′49′′ · 28.
2 Up to date table of colors and effective temperatures of stars from Pecaut and Mamajek [41] is available at https://www.pas.

rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt accessed on 10 March 2023.
3 https://archive.stsci.edu accessed on 10 March 2023.
4 http://survey.favor2.info/ accessed on 10 March 2023.
5 We must note that our estimation of flare energies is a conservative one, as it assumes their temperatures to be 9000 K, which may

not be a good approximation, as the effective temperature of the star itself is above that. Moreover, there are signatures that the
temperatures of superflares even on cool stars may be significantly larger than that [62]. Thus, the actual energies of the flares we
detected may also be significantly larger.

6 The same argument also holds against any other similar source in the field of HD 36030 that may occasionally pollute the large
aperture of TESS.
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