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Preface to ”Advances in the Physics of Stars - in

Memory of Prof. Yuri N. Gnedin”

This reprint collects articles devoted to different aspects of the physics of stars, their types,

properties, stages of evolution, interstellar medium, dark matter and dark energy. It is devoted to the

memory of outstanding scientist Prof. Dr. Yuri N. Gnedin, who not only organized the Department

of Astrophysics at Pulkovo Astronomical Observatory of the Russian Academy of Sciences and led

it for several decades but also initiated a number of prospective research projects in several other

astrophysical Institutions. The scope of scientific interests and expertise of Prof. Gnedin were

extraordinarily wide. He performed pioneering work in the theoretical description of polarized

radiation transfer; generation of high-energy radiation in close binary star systems and galactic nuclei;

cyclotron lines in the spectra of accreting neutron stars; determination of magnetic fields of cosmic

sources from polarimetric observations; and the physics of intermediate-mass and supermassive

black holes, magnetic white dwarfs, supernovae, exoplanets and dark satellites of stars, cosmic

gamma-ray bursts, dark matter and dark energy. Some of these topics are covered in this reprint,

which includes articles written by well-known experts in astrophysics and contains both research

and review articles. It will be useful for both researches in the field of astrophysics and graduate

students who are only beginning to choose the subject of their own research.

Nazar R. Ikhsanov, Galina L. Klimchitskaya, and Vladimir M. Mostepanenko

Editors

vii
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Editorial to the Special Issue “Advances in the Physics of
Stars—In Memory of Prof. Yuri N. Gnedin”

Nazar R. Ikhsanov 1, Galina L. Klimchitskaya 1,2 and Vladimir M. Mostepanenko 1,2,3,*

1 Central Astronomical Observatory at Pulkovo of the Russian Academy of Sciences,
196140 Saint Petersburg, Russia; ikhsanov@gaoran.ru (N.R.I.); g.klimchitskaya@gmail.com (G.L.K.)

2 Peter the Great Saint Petersburg Polytechnic University, 195251 Saint Petersburg, Russia
3 Kazan Federal University, 420008 Kazan, Russia
* Correspondence: vmostepa@gmail.com

This Special Issue collects articles devoted to various aspects of astrophysics which can
be understood as a science investigating stars, galaxies, their types and properties, stages
of their evolution, distribution in the Universe and the interstellar and intergalactic media.
It is devoted to the memory of outstanding astrophysicist Prof. Dr. Yuri N. Gnedin whose
scientific interests and expertise were extraordinarily wide by including the theoretical
investigation of the polarized radiation transfer, generation of high-energy radiation in close
binary star systems and galactic nuclei, and cyclotron lines in spectra of accreting neutron
stars. Prof. Dr. Yuri N. Gnedin developed the pioneer method for the determination of
magnetic fields of cosmic sources from polarimetric observations, contributed a great deal
to physics of intermediate-mass and supermassive black holes and magnetic white dwarfs,
supernovae, exoplanets and dark satellites of stars, cosmic gamma-ray bursts, dark matter
and dark energy.

Yuri Gnedin was born on 13 August 1935 at the Russian city of Tula. After graduation
from the Physico-Mechanical Department of Leningrad Polytechnic Institute (presently
Peter the Great Saint Petersburg Polytechnic University) in 1959, he was employed by the
famous A. F. Ioffe Physico-Technical Institute of the Russian Academy of Sciences, where
he worked during 25 years in the field of theoretical physics and astrophysics. In 1966, Yu.
N. Gnedin obtained his PhD and in 1979, after defending the Doctorate dissertation entitled
“Propagation of polarized radiation in cosmic conditions”, obtained the degree of Doctor
of Physical and Mathematical Sciences (which is the second scientific degree in Russia
similar to Habilitation in Germany which is significantly higher than PhD). In parallel with
research activity at A. F. Ioffe Physico-Technical Institute, Yu. N. Gnedin delivered lectures
in astrophysics for students of Leningrad Polytechnic Institute. In 1981, he obtained the
academic status of Full Professor.

In 1984, Prof. Dr. Yu. Gnedin was invited to create the Department of Astrophysics and
to lead the research work at Central Astronomical Observatory at Pulkovo of the Russian
Academy of Sciences in the positions of the Head of Department and the Deputy Director
of the Observatory on Science. It should be noted that Pulkovo Observatory was created in
1839. It is one of the oldest Institutions in Russia intended especially for scientific research.
It is well known all over the world by many outstanding scientific results in the field of
observational astronomy. However, by the end of 20th century, due to the great discoveries
made in astrophysics and cosmology, astronomy already could not be further developed
separately based mostly on the methods of mathematics. It should be mentioned, however,
that in Russia astronomy was traditionally teached at the mathematical Departments of
Universities and the most of members of the Pulkovo Observatory scientific staff graduated
from the Department of Mathematics of Saint Petersburg (Leningrad) State University.

Because of this, the mission suggested to Prof. Gnedin was extremely complicated.
He ought to become the part of old, well established and famous Institution, to create
the new part of it consisting of researchers with quite a different background in physics
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and astrophysics, to organize the research activity in new scientific directions, and to
convince everybody that the observational astronomy and astrophysics are not the hostile
competitors but useful complements and assistants in obtaining new knowledge about our
Universe. In order to cope with this task, one must be not only a brilliant scientist, but also
an outstanding organizer. Prof. Dr. Gnedin accepted the offer and successfully solved all
emerging scientific and organizational problems over the next more than 30 years.

Before reviewing the content of the present Special Issue, we briefly mention the
research fields where important contributions by Prof. Dr. Yu. N. Gnedin are well known
and recognized by the scientific community (in Figure 1 he is working in his office at
Pulkovo Observatory [1]). These are the theory of radiation transfer, investigation of the
polarized radiation emitted by various cosmic objects, X-rays and gamma-rays astronomy,
physics of neutron stars and black holes. Specifically, Prof. Yu. N. Gnedin elaborated a new
method for investigation of supermassive black holes based on polarimetric observations
of active galactic nuclei. In collaboration with Prof. R. A. Sunyaev, Prof. Yu. N. Gnedin
predicted an existence of cyclotron lines in the radiation of neutron stars. This discovery
was used to develop the reliable method for measuring magnetic fields of neutron stars.
Furthermore, Prof. Yu. N. Gnedin developed new method for measuring the magnetic
fields of hot stars. This method is based on the phenomenon of Faraday rotation of the
polarization plane of electromagnetic radiation scattered in their atmospheres. Prof. Yu. N.
Gnedin initiated important investigations of several unusual cosmic phenomena using RT-
32 radio telescopes. These include cosmic gamma-ray bursts, compact astrophysical objects,
and active galactic nuclei. He also contributed a lot to constraining the parameters of
axions and arions as possible constituents of dark matter by means of measuring different
polarimetric effects in astrophysical processes. Prof. Yu. N. Gnedin is the author of
330 scientific papers and three books [2–4].

Figure 1. Prof. Dr. Yuri N. Gnedin (13 August 1935–27 March 2018) is working in his office at Pulkovo
Observatory of the Russian Academy of Sciences.

An important part of Prof. Yu. N. Gnedin scientific life was his work as an outstanding
organizer. He took part in many International research projects, was the member of
International Astronomical Union, led the Program Committee of the 6-meter telescope of
Special Astrophysical Observatory of the Russian Academy of Sciences, was the member of
Bureau of the Scientific Council on Astronomy of the Russian Academy of Sciences. Prof. Yu.
N. Gnedin was one of the main organizers and active participants of Alexander Friedmann
International Seminars on Gravitation and Cosmology during the years 1993–2016. In
honor of Prof. Yu. N. Gnedin, the small planet N 5084 is named “Gnedin”.
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Prof. Yu. N. Gnedin was a talented teacher whose lectures always created great interest
among students. For several decades, he elaborated and delivered for students of the Peter
the Great Saint Petersburg Polytechnic University the original lecture courses on modern
problems of astrophysics, relativistic astrophysics, and general relativity theory, was the
superwiser for many master’s degree and PhD students.

Research articles and reviews published in this Special Issue, devoted to memory of
Prof. Yu. N. Gnedin, touch many subjects of his wide scientific interests. Thus, article [5]
outlines contributions of Prof. Gnedin to understanding polarization of radiation from
neutron stars and presents new simulations of observations to be performed by NASA’s
Imaging X-ray Polarimetry Explorer (IXPE) launched in December 2021. These observa-
tions will provide the opportunity to test some models proposed by Prof. Gnedin and
his collaborators.

Article [6] investigates unusual microwave and X-ray radiation from the ultracool
dwarf TVLM 513-46546. According to the proposed model, the microwave radiation of
this source comes from hundreds of magnetic loops quasi-uniformly distributed over its
surface. This model suggests that the second population of magnetic loops is at the same
time a source of X-ray emission.

Article [7] considers a new class of energetic transient sources called fast blue optical
transients which possess moderately relativistic outflows in between the nonrelativistic
and relativistic supernovae-related events. The kinetic particle-in-cell and Monte Carlo
simulations are performed which allow to explain the observed broad band character of
the radiation from these sources. Specifically, it is demonstrated that synchrotron radiation
of accelerated relativistic electrons in the shock downstream may fit the observed radio
fluxes. The suggested nonlinear Monte Carlo model predicts that protons and nuclei can
be accelerated to petaelectronvolt energies and, therefore, the fast blue optical transients
can be considered as one of the sources for galactic high energy cosmic rays.

In the article [8], the multi-component numerical model of hot Jupiter envelopes is
suggested. By implementing the completed magnetohydrodynamic model of stellar wind,
it becomes possible to calculate the structure of an extended envelope of hot Jupiter in
both the super-Alfvén and sub-Alfvén regimes of the stellar wind flow as well in the trans-
Alfvén regime. Using this approach, computations of changes in the chemical composition
of hydrogen-helium envelopes of hot Jupiters are performed in different regimes. In
particular, in the super-Alfvén flow regime, all the previously discovered types of extended
gas-dynamic envelopes are reproduced. The dependence of the extended envelope on the
magnitude of the wind magnetic field is investigated.

A new, interesting view on dark matter, dark energy and their relationship is suggested
in the article [9]. According to this view, at the present epoch, the dark energy may have
two components. The first of them is the standard one. It is determined by the cosmological
constant in Einstein equations. Meanwhile, the second one, which is smaller in magnitude,
is determined by remnants of the inflaton field which gives rise to the presently existing
matter. In doing so, the second component of the dark energy becomes closely connected
with the usual matter. Based on possible existence of the second component of dark energy,
the so-called Hubble tension problem is discussed and its solution is suggested.

Thermal radiation spectra from a magnetized neutron star are further studied in [10]
using the well known model assuming that the star is internally isothermal and possesses a
dipole magnetic field in its outer layer. It is shown that the blackbody radiation emitted by
any local surface element is nearly independent of the chemical composition of an envelope.
The obtained theoretical results are found to be consistent with observations for certain
neutron stars.

Constraints on the parameters of hypothetical interactions predicted by different ex-
tensions of the Standard Model following from the recent experiment on measuring the
Casimir force at separations of a few micrometers are obtained in [11]. Specifically, the
Yukawa-type corrections to Newton’s law of gravitation and interactions of axions with
nucleons are considered. As was mentioned above, both massive and massless axions
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(i.e., arions) were in the scope of scientific interests of Prof. Yu. N. Gnedin as the possible
constituents of dark matter. It is shown that the obtained constraints are stronger than those
following from other measurements of the Casimir interaction and gravitational experi-
ments over certain interaction regions but weaker than the constraints obtained from the
Casimir-less experiments where the Casimir force was completely nullified. The prospects
of obtaining stronger constraints from experiments of different kinds are discussed.

The article [12] is devoted to estimations of the values of magnetic field at the event
horizon of the supermassive black hole and the exponents of the power-law dependence
of this magnetic field on the black hole radius. These estimations are obtained by using
the polarimetric data of 33 Seyfert type 1 galaxies observed with the 6-meter telescope of
Special Astrophysical Observatory of the Russian Academy of Sciences and the model of
optically thick but geometrically thin Shakura-Sunyaev accretion disk. The obtained results
are compared with those found by other methods.

A review on the progress in understanding of the first microquasar discovered in
the Galaxy (SS433) is given in [13]. The stress is made on the results obtained by means
of spectral and photometric observations at the Caucasian Mountain Observatory of the
Sternberg Astronomical Institute of M. V. Lomonosov Moscow State University. According
to common views, this mictoquasar is a massive eclipsing X-ray binary. The observations
made at the Caucasian Mountain Observatory gave the possibility to determine the elliptic-
ity of the microquasar orbit and to discover an increase in the orbital period of this system
consisting of the relativistic object (black hole) and the optical star. Furthermore, a more
precise constraint for the mass ratio of these objects was obtained.

The detection of magnetospheric accretion among Herbig Ae/Be stars of different
kinds with accretion disks is reviewed in [14]. Specifically, the Herbig Ae star HD 101412
with a comparatively strong magnetic field, the early-type Herbig B6e star HD 259431
whose magnetosphere was recognized only recently, young binary system HD 104237
which includes a Herbig Ae star and a T Tauri star, and the Herbig Ae/Be star HD 37806.
For the young binary system HD 104237, using the discovered periodic variations of
equivalent widths of atmospheric lines in the spectrum of the primary, it is concluded that
the star surface is spotted. The origin and nature of these spots are discussed.

A review of the most important results in investigation of magnetic fields of chemically
peculiar stars obtained in the Special Astrophysical Observatory of the Russian Academy
of Sciences using the 6-meter telescope is contained in the review [15]. Altogether more
than 200 stars of this kind (i.e., more than 30% of their total number discovered elsewhere)
were found at the Special Astrophysical Observatory. Objects with strong magnetic fields
have been detected among stars with small rotation periods of years and decades. It was
shown that for young chemically peculiar stars in Orion the probability of occurrence and
strength of magnetic fields decreases sharply with age. An effective method of searching
for magnetic stars was suggested.

The review [16] is devoted to the scattered radiation of circumstellar protoplanetary
disks. In the majority of cases, this contribution to the total optical radiation of young stars
is rather small. There are, however, two classes of stars in which the scattered radiation of
circumstellar disks plays an important role. These are irregular variable stars with UX Ori
as a typical example and highly embedded stars as well as stars with edge-on disks. The
mechanism of variability of UX Ori and similar astrophysical objects was investigated using
synchronous observations of linear polarization and brightness of their radiation. The highly
embedded stars and stars with edge-on disks where examined by means of observations in
the polarized light using the largest telescopes and a coronographic technique.

Although the articles included in this Special Issue cover a rather wide range of topics
in modern astrophysics, they are incapable of embracing all the scope of scientific interests
of Prof. Yu. N. Gnedin, whose breakthrough results and organizational and teaching
activities were so important for the progress of this field of science.
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Article

Remembering Yury N. Gnedin at the Dawn of X-ray
Polarimetry: Predictions of IXPE Observations of Neutron Stars

Jeremy Heyl

Department of Physics and Astronomy, University of British Columbia, Vancouver, BC V6T 1Z1, Canada;
heyl@phas.ubc.ca

Abstract: NASA’s Imaging X-ray Polarimetry Explorer (IXPE) was launched in December 2021.
It is 100 times more sensitive to polarized X-ray emission than any preceding mission and it is
opening a new observational window into high-energy astrophysics. I outline Yury N. Gnedin’s
many contributions to understanding polarization from neutron stars and present new simulations of
observations that IXPE will perform of the X-ray pulsar Hercules X-1 and the magnetar 4U 0141+561 in
February 2022. These observations highlight and test particular models that Gnedin and collaborators
first proposed. I outline how IXPE will provide unique constraints on the structure and kinematics of
the boundary region between the accretion flow and the neutron star surface of Hercules X-1 and
how IXPE will verify the predictions of vacuum birefringence for the magnetar 4U 0142+561.

Keywords: magnetars stars; X-rays and stars; star atmospheres; polarization; plasmas; scattering;
radiative transfer

1. Introduction

I had the privilege of working with Yury Nikolaesh Gnedin (1935–2018) during the
summer of 1992 at the Pulkovo Observatory. That summer, several students from the
United States were visiting Pulkovo, but I was the only one who spoke Russian, so I
acted as cruise director; further, I conducted a research project with Yury Nikolaesh on the
compactness problem in AGN and, more fortunately for me, I got to know him well doing
that short time. Working with him was always fun as we tried to unlock mysteries and he
also tried to make my visit rewarding beyond science, during what was a very trying time
for Russia and Pulkovo. He arranged for me to visit the astronomical outpost overlooking
Urtsalanj, Armenia (Figure 1). As our group was waiting on the tarmac at Mineralnye Vody
Airport until well after midnight to fly over Georgia into Yerevan, supposedly to avoid
anti-aircraft fire, I realized that, if Yury Nikolaesh had explained in detail what the trip
would entail, I might have chosen not to do it and the story of the adventure that followed
in Armenia itself would easily fill a different sort of article.

Knowing Yury Nikolaesh fueled a sense of adventure both scientifically and otherwise
that has remained with me since, but, beyond that, the project that I conducted with him
was my first one in high-energy astrophysics and, in particular, astrophysical manifestations
of QED, which is a theme that my career has followed since. In fact, I find that, throughout
my career, I have been retracing much of his work, more so than that of any of my other
mentors. Now, as I write this nearly thirty years later, just a few weeks after the launch of
NASA’s Imaging X-ray Polarimetry Explorer (IXPE), we are waiting with keen anticipation
the observations of so many phenomena in X-ray polarization, which Yury N. Gnedin
began to outline more than fifty years ago.

Universe 2022 , 8 , 84. https://doi.org/10.3390/universe8020084 https://www.mdpi.com/journal/universe
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Figure 1. Top: wide view of the Ararat Scientific Site (taken by the author in August 1992). Bottom:
inside cover of 150 Years of the Pulkovo Observatory, a souvenir from 1992.

2. Polarized X-rays from Neutron Stars

Although Yury N. Gnedin started by working on comets, e.g., [1–3], the discovery of
neutron stars and the beginnings of high-energy astrophysics quickly dominated his early
work. I here focus on the polarized X-ray emission from accreting and isolated neutron
stars and how Gnedin’s work informs our expectations even today. On 9 December 2021,
the IXPE observatory was launched from Cape Canaveral, Florida. In February 2022, IXPE
will be almost completely devoted to the study of two objects, the X-ray pulsar Hercules
X-1 and the magnetar 4U 0141+561. Gnedin devoted significant studies to the first object,
e.g., [4–6], and the implications of his studies, e.g., [7–11] of vacuum polarization play an
important role in our understanding of the second object.

The IXPE observatory measures the polarization of X-rays in 2–8 keV by measuring
the direction of the initial photoelectron produced upon the absorption of an X-ray in a gas
target. The total effective area of the three-mirror arrays is about 600 cm2. Once the quantum
efficiency of the detector is included, the total effective area is decreased to about 75 cm2 at
2 keV and 8 cm2 at 7 keV [12]. The interaction between an X-ray photon and the electron
means that the direction of the photoelectron will be correlated with the polarization of
the photon with a sin2 θ dependence. The magnitude of the correlation for fully linearly
polarized radiation is known as the modulation factor and, for IXPE, it ranges from 15% at
2 keV to 60% at 8 keV [12]; therefore, although the effective area drops quickly with the
increase in energy, the increase in the modulation factor mitigates this for the detection of
polarization. IXPE is not sensitive to circular polarization. The energy resolution of the
detectors is typically about 20%, the angular resolution is about 20 arcseconds and the time
resolution is one microsecond. All told, these specifications make IXPE a factor of 100 more
capable than any X-ray polarimeter in space before it. The discovery potential is vast.

In the following sections, I describe what to expect from the first observations of X-ray
polarization from Hercules X-1 and 4U 0142+561 in the context of two particular models for
the emission from these sources. Although I discuss some other models, this is not meant to
be an exhaustive review but rather a review of how these expectations are connected with
Yury N. Gnedin’s work; consequently, much of the literature remains uncited. The models
that I discuss have been presented elsewhere [13,14], but the simulations for the planned
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February 2022 IXPE observations of 4U 0142+561 (1Ms) and Hercules X-1 (about 400 ks in
total) are presented here for the first time.

3. X-ray Pulsar Hercules X-1

The discovery of the pulsating X-ray sources Centaurus X-3 [15] and Hercules X-1 [16]
with the Uhuru satellite in the early 1970s uncovered a new type of celestial object, the
accreting X-ray pulsar. Gnedin and Sunyaev [4] soon thereafter outlined the key features of
a model of X-ray pulsars that hold to this day. The magnetic field channels the in-falling
material onto the polar regions with a typical radius one-tenth that of the neutron star.
The mildly relativistic material slows dramatically through a strong shock that radiates
the gravitational energy away. They argued that the radiation came from a superposition
of high gyrocyclotron resonances with a net spectrum that resembled that of thermal
bremsstrahlung. Furthermore, they argued that the radiation would be polarized and
beamed perpendicular to the magnetic field [17], a knife beam. The magnetic field of
Hercules X-1 was measured through a cyclotron feature at about 60 keV [18] to be about
100 times stronger than assumed by Gnedin and Sunyaev. Since the bulk of the emission
lies below the cyclotron energy, the gyrocyclotron model of Gnedin and Sunyaev [4] does
not hold. However, they argued, in a subsequent paper [17], that, if the bulk of the emission
lies below the cyclotron resonance and the accretion shock lies close to the surface, the small
opacity for photons traveling along the magnetic field results in a pencil beam along the
field direction. This scenario is the basis for the slab models for X-ray polarization [19,20].

Additionally, because the magnetic field is stronger than that assumed in [4], the accre-
tion flow is channeled into a much smaller spot (about 0.1 km vs. 1 km) and, for sufficiently
high accretion rates, the flow piles up onto the surface in an accretion column (see Figure 2),
where the accretion shock may lie well above the surface. In this situation, modern models
for Hercules X-1, such as that of Becker and Wolff [21], find that the photon production is
dominated by magnetic bremsstrahlung and photons scatter many times, gaining energy
from the electron flow and ultimately emerge from the walls of the column, i.e., a knife
beam (with polarization modeled for a static column in [22,23]). These models generally
predicted a polarized fraction of about ten percent for the pencil beam and up to fifty
percent for the knife beam in the range of 2–8 keV.

Figure 2. Schematic of the accretion flow near the surface of Her X-1; adapted from [21,24].

Although these models did not fit the broadband spectral energy distribution of
X-ray pulsars such as Hercules X-1, it was nearly thirty-five years before new models
for the polarization were developed [13,24]. Caiazzo and Heyl followed the spirit of
Gnedin and Sunyaev [6,17] and focused on the scattering process itself to understand both
the polarization and directional pattern of the emerging radiation. They used a matrix
formalism [25] to find the asymptotic polarization state and radiation pattern within the
plasma after many scatterings and study the final scattering before escape to derive the final
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polarization and emission pattern. To determine the final observed polarization and pulse
profile, they included gravitational lensing, Doppler beaming and vacuum birefringence.

The results of two models that account for the observed pulse profile and cyclotron
line of Hercules X-1 are depicted in Figure 3. The geometry of the two models is quite
different. The model in the left-hand panels consists of emission from a single accretion
column. The angle between the accretion column and the rotation axis of the neutron star
is 86 degrees and the angle between the rotation axis and the line of sight is 83 degrees.
It is nearly an orthogonal rotator and the bulk of the emission comes when the column
is pointing away from the observer. Because the column is tall (seven kilometers) and
the emission is beamed toward the surface, gravitational lensing dramatically amplifies
emission in this configuration. The right-hand panels depict a geometry with two accretion
columns. The columns make an angle of 42 degrees with respect to the rotation axis and the
line of sight makes an angle of 50 degrees with respect to the line of sight. Again, the pulse
is centered at the time when one of the accretion columns is pointing nearly directly away
from the observer. The relativistic effects turn the typical rules for knife and pencil beams
around. Pencil beams typically exhibit a minimum in the polarized fraction in the pulse
accompanied with a rapid change in the polarization angle; on the other hand, a knife beam
typically exhibits a peak in the polarized fraction and a slow change in the polarization
angle during the pulse, e.g., [26]. The models presented in Figure 3 show a combination of
these features. The polarized fraction reaches a peak in the pulse as for a non-relativistic
knife beam, but the rate of change in the polarization angle is rapid through the pulse as in
a pencil beam.

Figure 3. Predicted polarization of Her X-1 from the models of [13] with a 70 ks observation with
IXPE. The purple curves in the lower panels depict the total counts from the accretion column in the
model. The left panels show the result with a single accretion column and the right panels depict two
accretion columns. The large error bars near phase 0.5 in the left panel result from the lack of flux
from the accretion column at this phase. The slight discrepancy near phase 1.0 between the measured
and model polarization fraction results from smearing the polarization direction over the bin and can
be avoided with an unbinned analysis.

Figure 3 also depicts the anticipated observations and uncertainties for a 70 ks obser-
vation of Hercules X-1. In fact, IXPE will observe Hercules X-1 for a total of about 400 ks in
February 2022 over six visits to span its 35-day precession period. The simulation depicts
the results for a single visit. The instrument will be able to determine whether the relativistic
model [13] accounts for the observations. It will be also able to verify the Becker and Wolff
picture [21]. The results of the ixpeobssim simulation [27] are for a phase-binned calculation,
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so the rapid variation in the polarization angle through the pulse reduces the observed
polarization in the center of the pulse for both geometries. However, because IXPE tags the
photon arrivals with an accuracy of 1 microsecond, it will be straightforward to determine
the polarization fraction reliably, even when the angle changes rapidly. The combination of
a rapidly varying angle and a maximum in both the count rate and the polarization fraction
is the unique signature of the model. A static accretion slab or column yields different
signatures, as discussed above.

4. The Magnetar 4U 0142+561

Although Yury N. Gnedin only wrote a single paper about a magnetar per se [28], his
work with George Pavlov, among others, outlined many of the crucial physical processes
at play for the production and propagation of radiation for magnetars. In particular,
he examined the interactions between photons and atoms in strong magnetic fields and
highlighted that, even at the high temperatures of neutron star atmospheres, the material
may have a significant neutral fraction [29]. Both this and the discussions on scattering
in strong magnetic fields [6], when combined with the equations of radiative transfer in
a strong magnetic field [7], form the basis for calculations of neutron star atmospheres,
e.g., [30–34].

Additionally, Yury N. Gnedin and colleagues outlined the importance of vacuum
birefringence from QED in the observations of neutron stars, e.g., [8–10], and, in particular,
the spectral features that it can produce [11]. Following the spirit of the paper so far,
the focus is X-ray polarization. Most important, for our discussion, is the argument of
Novick et al. [35] whereby vacuum birefringence would generate a large phase difference
between the normal modes and significant depolarization. Novick et al. wrote, “We
conclude that it is extremely unlikely that polarized X-ray emission which arose from
the surface of a magnetic neutron star would be observed”. Gnedin et al. [9] countered
the argument of Novick et al. by pointing out that a large phase retardation between the
normal modes is a necessary but not sufficient condition for depolarization and, in fact, if the
emission consists of an incoherent superposition of normal waves, no depolarization occurs,
unless the properties of the birefringence vary too quickly. Birefringence would preserve
the polarization along the path of the radiation. Furthermore, later work demonstrated
that vacuum birefringence causes the direction of polarization in the X-rays for typical
neutron stars to follow the direction of the magnetic field (the radiation remains in one of
the normal modes) until a distance far from the surface of the neutron star, the polarization-
limiting radius [36,37]. In particular, this QED effect makes the observed polarization
many times larger than one would expect from emission coming from a large portion of
the neutron star surface [38]. The result of this effect is shown in Figure 4. The left-hand
panel shows the polarization map at the surface of the star, in particular, the direction
of the polarization of the extraordinary mode. Across the stellar surface, the direction
varies significantly, so, if one were to sum the total polarized radiation in this case, one
would obtain a small polarized fraction. The right panel depicts the situation with vacuum
birefringence. At a large distance from the surface of the star, the magnetic field follows a
dipole pattern; its projection in the plane of the sky would be parallel to the magnetic axis,
in this case, horizontal. The polarization vectors that still follow the extraordinary mode
are all vertical and the total polarization integrated over the surface of the star can be large
if the polarization fraction at emission is large.

Caiazzo et al. [14] presented a comprehensive suite of models to account for the
broadband emission from the magnetar 4U 0142+561 [39]. In all cases, they assumed that
vacuum birefringence existed at the level predicted by QED. Figure 5 shows the results for
a particular model that assumes that all of the emission from 2 to 8 keV originates from a
fully ionized hydrogen atmosphere [30], where the temperature and magnetic field follow
a dipole distribution [40] with an additional polar hot spot. The figure shows a simulation
of the planned 1 Ms IXPE observations for February 2022. In principle, other processes may
contribute to this energy range, especially resonant cyclotron scattering [41–43]; however,
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for clarity, these are neglected here. With vacuum birefringence, the observed polarization
fraction is high (nearly 100%) over the entire energy band. On the other hand, without vac-
uum birefringence, the observed polarized fraction is low at the low end of the IXPE band
when the emission originates over the entire surface, so, from the left panel of Figure 4,
the integrated polarization is small. At the high end of the IXPE band, the radiation comes
from a very small portion of the stellar surface (the polar hot spot). Over this small region,
the magnetic field in the plane of the sky is aligned in the horizontal direction; therefore,
the resulting polarization is nearly vertical (i.e., in the extraordinary mode).

Figure 4. Surface polarization and emission map for the atmospheric model of 4U 0142+561; from [14].

Figure 5. Predicted mean phase-resolved polarization of 4U 0142+61 and phase-averaged flux [39]
from the atmospheric models of [14] with a simulated 1 Ms observation with IXPE.

If the emission in the low end of the IXPE band originates in a gaseous atmosphere,
the effect of vacuum polarization will be dramatically verified by IXPE observations. On the
other hand, if the surface is condensed, e.g., [44,45], the expected polarization will be small
at the low end of the IXPE band [14,46]. However, at the high-energy end of the IXPE band,
resonant cyclotron scattering begins to contribute, resulting in a larger polarization and
another potential verification of vacuum birefringence.

5. Discussion

In February 2022, the observations of X-ray polarization from Hercules X-1 and
4U 0142+61 with the recent launched X-ray observatory IXPE will verify the models and pre-
dictions that Yury N. Gnedin made at the dawn of high-energy astrophysics. Beyond these
predictions and models for particular sources, Yury N. Gnedin, with collaborators, devel-
oped the framework of radiative transfer in a strongly magnetized plasma where vacuum
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birefringence, incoherent scattering and absorption all play key roles that are crucial to
understanding polarized X-ray emission, regardless of the source. The broad scientific
goals of IXPE from AGN to axions dovetail with Yury N. Gnedin’s many contributions to
astrophysics over the years, e.g., [47,48]. As we venture into the undiscovered country of
astrophysical X-ray polarization, let us remember the maps and tools that he gave us for
the journey.
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Abstract: We study the origin of unusually persistent microwave and X-ray radiation from the ultracool
dwarf TVLM 513-46546. It is shown that the source of ≈1 keV X-ray emission is not the entire corona
of the brown dwarf, but a population of several hundreds of coronal magnetic loops, with 10 MK
plasma heated upon dissipation of the electric current generated by the photospheric convection.
Unlike models, which assume a large-scale magnetic structure of the microwave source, our model
suggests that the microwave radiation comes from hundreds of magnetic loops quasi-uniformly
distributed over the dwarf’s surface. We propose a long-term operating mechanism of acceleration of
electrons generating gyrosynchrotron radio emission caused by oscillations of electric current in the
magnetic loops as an equivalent RLC circuit. The second population of magnetic loops—the sources
of microwave radiation, is at the same time a source of softer (≈0.2 keV) X-ray emission.

Keywords: brown dwarf; X-ray emission; microwave radiation; magnetic loops; particle acceleration

1. Introduction

The brown dwarf TVLM 513-46546 is currently one of the most studied among ul-
tracool stars of spectral types M > 7, L, T, and Y. Radio, X-ray, ultraviolet, and optical
spectroscopic observations have revealed rather unusual properties of TVLM 513-46546
radiation (see, for example, [1–3]). In addition to the surprising radio to X-ray luminosity
ratio (LR/LX ≈ 3.3 × 10−12 Hz−1), by a factor of 104 larger than expected [2,4], a persistent
(on a multiyear timescale) quiescent nonthermal radio emission from the brown dwarf
TVLM 513-46546 is observed, which assumes a continuous source of accelerated electrons.
The persistent quiescent radio emission is accompanied by long-term X-ray emission. By
now, in low-mass dwarf stars, two thermal components of X-ray emission are observed:
the “soft” one, with the temperature T ≈ (1–6) × 106 K, and the “hard” one, corresponding
to the source temperature T ≈ 107 K [5].

The current models of the microwave [1] and multiwavelength radiation sources in
TVLM 513-46546 [2] provide no explanation for the nature of the accelerator of electrons
producing the quiescent nonthermal gyrosynchrotron emission for several years. Moreover,
the microwave radiation source was represented either by the dipole magnetic field of the
dwarf [1] or as a large-scale magnetic structure with a “covering factor” of about 50% [2].

Here, we show that the sources of radio and X-ray emission of TVLM 513-46546
consist of a few ×100 coronal magnetic loops quasi-uniformly distributed over the dwarf
surface. We propose the heating mechanism of coronal loop plasma driven by dissipation
of electric current generated by photospheric convection and the mechanism of long-term
particle acceleration in the atmosphere of a brown dwarf supporting the persistent nature
of the radio flux. Electric currents required for the heating of the loop up to T ≈ 107 K
are determined. Therefore, the magnetic loops responsible for the persistent microwave
emission can also be the sources of the “soft” X-ray component.
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2. Radio Emission from TVLM 513-46546

The M8.5V ultracool dwarf TVM 513-46546 (hereafter, TVLM 513) has an effective
temperature of the photosphere Teff = 2200 K, the mass M∗ = 0.07 M�, the radius R∗ = 0.1 R�,
and is located at a distance of 10.6 pc from the Sun. The gravitational acceleration on the
star surface is g = 2 × 105 cm/s2, and rotation velocity v sin i ≈ 60 km/s. In the case of
brown dwarfs, energy is transferred from the star core to its surface by convection. On the
photosphere level, the convection velocity for the stars of M ≥ 7 spectral type varies from
V ≈ 103–104 cm/s [6] to V ≈ 1.4 × 105 cm/s [7]. The size of granulation cells for M8.5V
stars approximately coincides with that of supergranulation cells, D ≈ 1.4 × 107 cm [8].

TVLM 513 displays two components of microwave radiation in the range of
4.8–8.5 GHz. The first one consists of periodic bursts with high brightness temperature
≥1011 K, highly beamed emission, and 100% circular polarization [3]. The periodicity
presented in burst emission (≈1.96 h) is due to the rotation of the dwarf. The peculiarity
of the microwave emission was explained in terms of the Electron Cyclotron Maser [9] or
the plasma radiation mechanism [10]. The second component, which is called “quiescent”,
displays a brightness temperature of about 109 K and a small degree of circular polarization
(<15%) [1,2]. The weak modulation of the quiescent component under the dwarf rotation
means that the sources are distributed uniformly in the TVLM 513 atmosphere, and their
total area is comparable with the area of the dwarf’s surface. In addition, the respective
sources of the radio emission should be supplied continuously by energetic particles, to
compensate the losses caused by particles precipitation into the loss-cone and to provide
the observed brightness temperature. Microwave observations of the TVLM 513 indicate
that the quiescent component is stable on a multiyear timescale [2].

Observations with Very Large Array revealed the spectral index α in quiescent radio
flux Fν~να for the wavelengths 20–3.6 cm [1]. It is positive between 20 and 6 cm and equal
to α = 0.1 ± 0.2. For the wavelengths 6–3.6 cm, the spectral index is negative and equal
to α = −0.4 ± 0.1. A change in the sign of the spectral index implies that the spectrum
of quiescent emission has a maximum and the maximum frequency νmax is in the range
of νmax = 1.4–4.8 GHz (i.e., 20–6 cm) [1]. The change in the frequency index’s sign in the
gyrosynchrotron mechanism means that the radiation mode transits from optically thick
to optically thin. In other words, the source of radiation in the range 4.8–8.4 GHz is most
probably optically thin, which is important for further estimations.

We will use the information on the flux of the quiescent component at 8.4 GHz, i.e.,
where the emission source is optically thin. For the power-law distribution of energetic
electrons ne(ε) ∝ ε−δ, the flux of gyrosynchrotron emission from an optically thin source at
the frequency ν is [11]

Fν = 3.3 × 10−24 × 10−0.52δ(sinϑ)−0.43−0.65δ
(

ν

νe

)1.22−0.9δ

(ned)B
S

R2 ergs/cm2 s Hz (1)

Here, ϑ is the angle between the magnetic field B and the direction toward the observer,
νe = 2.8 × 106 B is electron gyrofrequency, ne is the number density of energetic electrons, d
is the source thickness in the projection to the observer, S is the source area, and R = 10.6 pc
is the distance to the source. For the maximum frequency in the gyrosynchrotron spectrum
and the polarization degree, we use the following formulas [11]:

νpeak = 2.72 × 103 × 100.27δ(sinϑ)0.41+0.03δ(ned)0.32−0.03δB0.68+0.03δ (2)

rc = 1.26 × 100.035δ × 10−0.071cosϑ

(
ν

νe

)−0.782+0.545cosϑ

(3)
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Equations (1)–(3) are true in the angle range ϑ = 20
◦
–80

◦
and for the optical thickness

τν = κνd < 1, where

κν = 1.4 × 10−9−0.22δ(sinϑ)−0.09+0.72δ
(

ν

νe

)−1.30−0.98δ ne

B
(4)

For the model of quiescent component, we determine the visible area of the source as
S ≈ Nloopld, where Nloop is the number of elementary radiation sources (magnetic loops)
on the visible hemisphere (Figure 1), and d and l are a typical thickness and length of a
single loop.

Figure 1. Sketch of brown dwarf disc with two populations of magnetic loops, the sources of “hard”
X-ray emission (red), and both microwave and “soft” X-ray radiation (blue).

Using the relation α = 1.22 − 0.90δ from the spectral index of the optically thin radio
emission α = −0.4 ± 0.1, one can determine the spectral index of energetic electrons
δ ≈ 1.8 ± 0.1, indicating a rather hard spectrum of emitting particles. Equation (3) for the
degree of circular polarization (15%) was used to estimate the magnetic field in coronal
magnetic loops, the sources of gyrosynchrotron radiation of TVLM 513, B ≈ 100 G [2].

It should be noted that one of the problems with multi-loop radio source is the
estimation of the magnetic field using the observed degree of circular polarization, since
various orientations of magnetic loops with different magnetic polarity should lead to a
decrease in the Stokes V parameter. We assume here that despite this some predominant
average polarity is retained in set of the loops, which gives a final degree of observed
circular polarization (about 15%) that is rather low as compared to the polarization degree
of gyrosynchrotron emission from solar loops (about 30%). The predominant average
magnetic polarity can be associated with the large-scale magnetic field of the dwarf, which
is partially fragmented into loops by the photospheric convection. A good example of the
conservation of the magnetic field polarity in the loop set one can find from the observations
of solar magnetic loops with the Solar and Heliospheric Observatory (SOHO) [12]. Among
30 loops recorded on 1999 August 30 in AR 7986, in 21 loops the negative magnetic polarity
was retained. This example means that our estimates of the magnitude of the magnetic
field from the observed polarization of microwave radiation from TVLM 513 give a lower
average magnitude of the magnetic field in the loops.

The values of the magnetic field and the spectral index of energetic electrons, together
with the condition of optically thin sources at 8.4 GHz, impose a limitation on the value
ned ≤ 2 × 1016 cm−2, which determines the microwave flux. Assuming the loop thickness
of the order of the granulation cell, d ≈ 107 cm, l ≈ (2.5–5)× 109 cm, we obtain the area of
all elementary sources S ≈ (2.5–5) × 1016 Nloop cm2; from the microwave flux (Equation (1))

Fν=8.4 = 228μJy ≈ (2.28–5.6)× 10−46(ned)Nloopergs cm−2s−1Hz−1 (5)
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one can estimate the number of sources of quiescent radio emission in the visible hemi-
sphere required to explain the observed microwave flux, Nloop ≈ (0.4–1.0) × 1019/(ned)
≈ 200–500. The filling factor of the stellar surface with the sources is about 3–16%. The
number density of energetic particles is found from the condition of an optically thin source
(Equations (1) and (4)) at 8.4 GHz, ned ≤ 2 × 1016 cm−2, which yields ne ≤ 2 × 109 cm−3.

3. Long-Term X-ray Emission of TVLM 513 and the Coronal Heating Problem

The information collected by Chandra ACIS-S3 shows that the quiescent radio emis-
sion from the brown dwarf TVLM 513 is accompanied by soft X-ray radiation in the energy
range 0.3−2 keV [2]. To estimate the plasma temperature from 0.3–2 keV spectrum, the
authors of [2] have shown that the best-fit temperature of TVLM 513 is 0.9 keV, or T ≈ 107 K.
The X-ray flux in the 0.3–2 keV range is Fx ≈ 6.3×10−16 ergs/cm2 s and the total luminosity
Lx = 4πR2∗Fx ≈ 8.4 × 1024 erg/s. This value of luminosity corresponds to the emission
measure EM∗ = Lx/P(T), where [5]

P(T) = 2 × 10−27
√

T + 5 × 10−25exp
√

2.8 + 106K/T ergs cm3s−1. (6)

putting T = 107 K in Equation (6), we obtain EM∗ ≈ 9 × 1047 cm−3.
There is the problem of heating of the entire corona of TVLM 513. Indeed, if the source

of the quasi-stationary X-ray radiation is a corona with a temperature of T ≈ 107 K, then the
emitting volume is V ≈ 4πR2∗H, where H = kBTR2∗/miGM∗, kB is the Boltzmann constant,
G = 6.67× 10−8cm3/gs2 is the gravitational constant. The X-ray luminosity from corona is

Lx = P(T)n2V, (7)

where P(T) is determined by Equation (6), n is the average number density of electrons
(ions) in the volume V. Using Equation (7), we determine the volume of the emitting
corona V and the average values of the number density of particles in the corona from the
observed values of the radiation luminosity and coronal temperature. For TVLM-513, we
find V ≈ 2.5 × 1030 cm3, the height scale H ≈ 4 × 109 cm, and the average plasma density
in the corona n ≈ 6 × 108 cm−3.

As a result of hot coronae, brown dwarfs noticeably increase their energy losses due
to thermal conductivity. The radiation losses for TVLM-513 are Qr ≈ 3 × 1025ergs/s [13],
while the energy losses due to thermal conductivity [14,15] QT ≈ 0.9 × 10−6T

7
2 VH−2 ≈

4 × 1029ergs/s significantly exceed similar losses in the solar corona, QT� ≈ 1028ergs/s.
Therefore, to maintain the corona of TVLM 513 with T ≈ 107 K, more powerful heating
sources are required than those in the Sun. Let us assume that in the atmospheres of brown
dwarfs, as is the case in the solar corona, there are hot Type II spicules, which in the last
decade have been considered to be a probable source of solar corona heating [15–17]. Then
the heat flux from the single spicule into the corona due to electron thermal conductivity
along the magnetic field of the spicule is [15]

QTsp ≈ 0.9 × 10−6T
7
2

Δz
πr2

0 ergs/s. (8)

For the radius of the spicule (magnetic flux tube) of brown dwarfs, the size of the
granulation cell can be taken to be r0 ≈ 107 cm. Then for T = 107 K and a spicule length
Δz = 109 cm, from Equation (8) we obtain QTsp ≈ 1024 ergs/s. Therefore, to compensate for
the energy losses from the TVLM 513 corona, ~4 × 105 hot spicules covered persistently
the dwarf surface are required. Moreover, the total foot-points area of spicules should be of
the order of the dwarf surface area (1.5 × 1020 cm2), which significantly differs from the
Sun, where spicules occupy ≈1% of the surface.

18



Universe 2022 , 8 , 77

4. Generation of Electric Current and Plasma Heating in a Magnetic Loop: The Role of
Photospheric Convection

Energy is transferred from the TVLM 513 core to the surface by the convection. At the
photosphere level, the convection velocity is V ≈ 104–105 cm/s [6,7]. The half-thickness
of the magnetic loops is of the order of the size of a granulation cell r1 ≈ D ≈ 107 cm [8].
When the radial component of the convection velocity Vr interacts with the azimuthal
component of the magnetic field of the loop Bϕ, an EMF arises, which generates an electric
current flowing from one foot point of the loop through the coronal part to the other, and
closing in the photosphere, where the inequality ωe/ωiνeaνia 	 1 is satisfied and the
conductivity becomes isotropic. Here, ωe and ωi are gyrofrequencies of electrons and ions,
νea and νia are electron-atom and ion-atom collision frequencies. Thus, the coronal magnetic
loop with the photospheric current channel is an equivalent RLC-circuit [18–20]. In the
self-consistent equation of the equivalent electric circuit, the resistance R and capacitance C
are found to be dependent on the electric current [21]:

1
c2 L

∂2y
∂t2 +

[
R(I)−

∣∣Vr
∣∣l1

c2r1

]
∂y
∂t

+
1

C(I)
y = 0, (9)

where y(t) = [ΔI(t)− I]/I, L is a loop inductance. EMF is in the photospheric foot point of
the loop and is equal to

Ξ =
l1

πcr2
1

∫ r1

0
VrBϕ2πrdr ≈

∣∣Vr
∣∣Il1

c2r1
(10)

where l1 is the height of the RLC-circuit section in the area of EMF action, I is the longitudi-
nal electric current, Bϕ ≈ 2I/cr1. Estimates show that the main contribution to the loop
resistance is made by the region of photospheric EMF, where the Cowling conductivity due
to ion-atom collisions plays a decisive role. The resistance value in this case [22]

R(I) ≈ 1.5l1 I2F2

πr4
1c4nmiν

′
ia(2 − F)

, (11)

where F = na/(n + na) is the relative density of neutrals, n is the density of electrons,
ν′ia ≈ 1.6 × 10−11na

√
T Hz is the effective frequency of collisions of ions with neutrals. The

steady-state value of the current in the loop is determined from the condition R(I) = Ξ(I),
hence at l1 ≈ r1 we obtain

I ≈ 0.8[|Vr|πr3
1c2nmiν

′
ia(2 − F)F−2]

1/2
cgs (12)

For the brown dwarf considered, in the height interval Δz~l1, the atomic density
na ≈ 5 × 1016 − 1017 cm−3, n ≈ 5 × 109 − 1010cm−3, T ≈ 2200 K. In this case, for the rate
of photospheric convection Vr ≈ 104 − 105 cm/s and r1 ≈ 107cm, we obtain the estimates
of the current value: I ≈ 2.5 × 109 ÷ 7 × 1010 A. At the coronal level for an optically thin
medium at temperatures T > 2 × 105 K, hydrogen makes the main contribution to the
neutral component, while the relative content of neutrals is determined by the formula [23]

F = 0.32 × 10−3
1 + T

6TH[√
T
T1

]2−b√
T
[
1 +

√
T
T1

]1+b exp
TH
T

(13)

where TH = 1.58 × 105 K, T1 = 7.036 × 105 K, b = 0.748. In the temperature range of
interest, 106–107 K, the approximation F ≈ 0.15/T is valid. The rate of Joule dissipation of
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the current per unit volume of the loop, taking into account Equation (11), is determined
by the formula [22]

qJ =
j2z
σ
+

F2B2
ϕ j2z

(2 − F)c2nmiν
′
ia

≈ 2.2 × 10−9 I4

n2r6
1T2/3

ergs/cm3s (14)

In the coronal part of the loop, the main contribution to the current dissipation is made
by the second term in Equation (14). Despite the relatively low density of neutral atoms,
F 	 1, an effective dissipation channel associated with Cowling conductivity is switched
on. This is due to a decrease in the effective plasma conductivity

σe f f =
σ

1 + F2ωeωi
(2−F)ν′eν′ia

(15)

because in the corona the second term in the denominator of Equation (15) is �1. The
heating of the magnetic loop is determined by the balance of Joule dissipation, thermal
conductivity, and radiation losses:

d
ds

κeT5/2 dT
ds

= qr − qJ . (16)

Here, κe = 0.9 × 10−6, qr = χ0 p2

4k2
B

T−5/2, qJ =
10−8k2

B I4

p2r6
1

T1/2, s is the coordinate along

the loop, χ0 = 10−19, p = 2nkBT. Equation (15) is solved under the following boundary
conditions at the foot point (s = 0) and at the loop top (s = l/2): T = T0, dT/ds = 0 at s = 0
and T = T1, dT/ds = 0 at s = l/2. It is assumed that T1 � T0. From Equation (16), we find
the distribution of temperature and density along the loop [22]

T1 ≈ 2 × 10−2 (IL)4/9

r2/3
1

K, n1 =
1
3

(
2κe

χ0

)1/2 T2
1

L
cm−3, L = l/2 (17)

It can be seen from Equation (17) that the temperature at the top of the loop reaches its
maximum, and the plasma density its minimum. Both values vary slightly over most of the
length of the loop, and at the foot points they reach the equilibrium values. Let us determine
the number of hot loops in the corona of TVLM 513, which provide the observed measure
of X-ray emission EM∗ ≈ 9 × 1047 cm−3. By analogy with the solar corona, we assume
that the thickness of the loops does not change with height, i.e., r1 ≈ 107 cm. Then from
Equation (17) we find the electric current required to heat the loop plasma, I ≈ 6 × 1010 A,
the plasma density n ≈ 4.8 × 1010 cm−3 and the measure of the emission of an individual
loop EMloop ≈ 4.6 × 1045 cm−3. To ensure the observed emission measure of “hard” X-ray
radiation, it is necessary that Nloop = EM∗/EMloop ≈ 200 hot loops should be presented in
the TVLM 513 corona. As shown in Section 2, to explain the persistent microwave emission
from TVLM 513 as well as the “soft” X-ray radiation, about 200–500 loops are needed
(Figure 1).

5. Mechanism of Long-Term Acceleration of Electrons in a Magnetic
Loop—An Equivalent Electric Circuit

The persistent microwave emission generated in the TVLM 513 corona by a set of
magnetic loops suggests that magnetic loops must be constantly replenished with energetic
particles to compensate for the losses associated with the escape of particles into the loss-
cone. In [24,25] a mechanism of long-term acceleration of electrons, caused by oscillations
of the electric current in the loop, generated by photospheric convection, was proposed and
developed. Let us show that even with a relatively small electric current, the acceleration of
electrons by current oscillations in the loop is effective. From Equation (9) it follows that the
current oscillations of the loop as an equivalent electric circuit are excited when the negative
resistance of the photospheric EMF exceeds the loop resistance, R(I) ≤ |Vr|l1/

(
r1c2). The
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eigen-frequency of the equivalent RLC-circuit depends on the loop radius r1, density n,
and length l of the coronal part of the loop [21,22]:

νRLC =
c

2π
√

LC(I0)
≈ 1

(2π)3/2√Λ

I0

cr2
1
√

nmi
, Λ = ln

(
4l

πr1

)
− 7

4
(18)

Assuming r1 ≈ 107cm, n ≈ 1010 cm−3, I0 ≈ 108 A, l ≈ 6 × 109 cm, from Equation (18)
we obtain an estimate for the eigen-frequency of the electric circuit: νRLC ≈ 2 × 10−2 Hz
(that is, a period of 50 s). Oscillations of the electric current are associated with those of the
azimuthal component of the magnetic field in the magnetic loop, Bϕ(r, t) = 2rIz(t)/cr2

1. These

oscillations, in turn, according to the equation rot
→
E = −(1/c)∂

→
B ϕ/∂t, lead to the generation

of an electric field directed along the loop axis. Assuming I(t) = I0 + ΔIsin(2πνRLCt), we
obtain the electric field averaged over the loop cross section [24]

Ez =
4νRLC I0

3c2
ΔI
I0

. (19)

Then from Equation (19) we obtain at I0 = 108 A = 3 × 1017 cgs, ΔI/I0 = 10−2 the
value of the electric field: Ez ≈ 8.9 × 10−8 cgs ≈ 2.67 × 10−5 V/cm. In such an electric
field at a distance of l = 6 × 109 cm, electrons can acquire energy ε ≈ 160 keV. At ΔI/I0
= 0.02 more energetic electrons, ε≈ 320 keV, will be accelerated. For the plasma density
n = 1010 cm−3 and the temperature T = 106 K, the Dreicer field is [26]

ED = 6 × 10−8(n/T) V/cm≈ 6 × 10−4 V/cm (20)

and the ratio of the Dreicer field to the accelerating field is x = ED/Ez. The kinetic theory
gives the rate of electron acceleration per unit volume [27]:

.
ne = 0.35nνeix3/8exp

(
−
√

2x − x/4
)

(21)

where νei≈ 60nT−3/2 s−1. Substituting the values of n and T into Equation (21), we find
the acceleration rate

.
ne ≈ 3 × 107 el/cm3s. The condition for the generation of microwave

radiation (Section 2) requires ned < 2 × 1016 cm−2, which for d = 2r1 = 2 × 107 cm gives
ne < 109 cm−3. The developing small-scale turbulence (whistlers for example) prevents
the free escape of particles from the magnetic loop and contributes to the accumulation of
accelerated particles in coronal magnetic loops.

The regimes of pitch-angle diffusion of accelerated particles into the loss-cone depend
on the ratio of the following time scales [28]: the diffusion time tD, which corresponds
to the mean time for the change in the pitch-angle of a fast electron at π/2 due to the
wave-particle interaction, the time of filling the loss-cone tD/σ, and the time of flight when
escaping into the loss-cone, t0 = l/v ≈ 0.3 s. Here, σ = Bfoot/Btop is the mirror ratio of a
magnetic loop. In the case of intermediate diffusion, when the condition t0 < tD < σt0 is
satisfied, the loss-cone is filled faster than the particles escape into the loss-cone. In this
case, the lifetime of a particle in a magnetic trap is of the order of σt0 and the number
density of accelerated electrons is [29]

ne ≈
.
ne(x)σl√

2ε/m
(22)

Substituting into Equation (22)
.
ne = 3 × 107 el/cm3s, σ = 3, l = 6 × 109 cm, and

ε = 160 keV, we obtain ne ≈ 2.3 × 107 cm−3. In the case of strong diffusion, when the
condition tD < t0 is satisfied, the density of accelerated electrons ne is by about an order
of magnitude higher. Therefore, the proposed acceleration mechanism will provide the
persistent microwave emission.
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6. Discussion

In the problem of the origin of X-ray radiation and heating of stellar coronae, the
question arises: what is emitting? Is it the entire hot corona or its local regions, such as
coronal magnetic loops, and what are the constant sources of the heating for the corona
or the local regions? We have shown that plasma heating to the temperature T~10 MK
provided by electric current in several hundred magnetic loops quasi-uniformly distributed
over the surface of the brown dwarf TVLM 513, which explains the X-ray emission lumi-
nosity of ~1 keV, is energetically more favorable than heating the entire corona. The second
population of colder, with T~1 MK, coronal loops is a source of persistent nonthermal
microwave radiation explained by gyrosynchrotron radiation of ~150–300 keV electrons in
a magnetic field of ~100 G. The proposed mechanism of long-term acceleration of electrons
by induced electric fields is based on small oscillations of electric current in the coronal
loops supported by photospheric convection.

In the model proposed by Osten et al. [1], the source of microwave radiation is
represented by the dipole magnetic field of the dwarf. Berger et al. [2] suggested that the
source of microwave radiation is a large-scale magnetic structure with a “covering factor”
of about 50%. Both models cannot provide a long-term supply of sub-relativistic electrons
to the radiation sources. In addition, the Berger’s model does not identify the X-ray source
in the brown dwarf corona.

It follows from Equation (17) that the plasma heating temperature is proportional
to T~I4/9. For a current I = 108 A, at which the acceleration of electrons is sufficiently
efficient, the plasma in the loop heats up only to a temperature of 4 × 105 K, and at I = 109 A
up to 106 K, i.e., the “microwave” loops are also sources of a softer X-ray component
with a maximum in the spectrum of ≈0.2 keV. With an increase in the current value, the
lumped-loop approach used by us is invalid, since the period of the RLC oscillations
becomes shorter than the propagation time of the Alfvén disturbance along the loop
tA = l/VA ≈ 30 s. During this time, the current oscillations change direction many times
and the acceleration of electrons is ineffective. This circumstance can explain the absence of
noticeable nonthermal radio emission from hot coronal loops with the plasma temperature
T = 10 MK. In this work, we did not consider the origin of the intense, with the brightness
temperature Tb ≥ 1011 K, flare component of microwave radiation from TVLM 513, the
nature of which was discussed in [9,10]

7. Conclusions

Photospheric convection, interacting with the magnetic field at the foot points of
the magnetic loops, leads to generation of an electric current, I ≈ 109–7 × 1010 A, the
dissipation of which under the conditions of partially ionized plasma causes the loop
plasma heating up to a temperature of T ≈ 106–107 K. Hot plasma of ~200 loops, quasi-
uniformly distributed over the dwarf’s surface, is a source of ~1 keV X-ray emission from
TVLM 513.

Photospheric convection maintains continuous oscillations of electric current in the
magnetic loops as an equivalent RLC circuit, generating the induced electric fields that
accelerate electrons up to 150–300 keV in magnetic loops distributed over the dwarf’s
surface. This provides the persistent quiescent microwave radiation of a few ×100 loops of
TVLM 513 by the gyrosynchrotron mechanism.

Effective acceleration of electrons by the electric current oscillations is possible even at
relatively low values of electric current, I ≥ 108 A. At currents I ≈ 3 × 108–109 A, the loop
plasma heats up only to temperature T ≈ 106 K, i.e., magnetic loops emitting microwave
radiation can simultaneously be the sources of ~0.2 keV X-ray emission.

Thus, photospheric convection not only forms numerous magnetic loops in the corona
of TVLM 513, but also generates an electric current leading to heating of the loop plasma
and acceleration of electrons. As a result, two populations of loops quasi-distributed over
the TVLM 513 surface are formed, one of which is a source of “hard” X-ray radiation, and
the other is simultaneously a source of microwave and “soft” X-ray radiation.
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Abstract: A simple and well known model for thermal radiation spectra from a magnetized neutron
star is further studied. The model assumes that the star is internally isothermal and possesses a
dipole magnetic field (B � 1014 G) in the outer heat-insulating layer. The heat transport through this
layer makes the surface temperature distribution anisotropic; any local surface element is assumed
to emit a blackbody (BB) radiation with a local effective temperature. It is shown that this thermal
emission is nearly independent of the chemical composition of insulating envelope (at the same taken
averaged effective surface temperature). Adding a slight extra heating of magnetic poles allows one
to be qualitatively consistent with observations of some isolated neutron stars.

Keywords: neutron stars; radiation transfer; magnetic fields

1. Yury N. Gnedin

This paper is dedicated to the memory of Yury N. Gnedin (1935–2018) Figure 1. He
was my senior colleague at Theoretical Astrophysics Department of Ioffe Insitute from
1971 to 1984, and we often met later, when he moved to Pulkovo Observatory. He was
always interested in many scientific fields. For instance, his pet subjects were radiation
transfer, neutron stars and magnetic fields (although he never lost scientific interest in
a great amount of other things). When neutron stars were discovered in 1967, he was
extremely enthusiastic about them and initiated ultrafast spreading of interest to these
objects among colleagues. He was the first author of the first publication [1] on neutron
stars at the Ioffe Institute after the discovery of these stars. He wrote—with different
co-authors—plenty of (now) classical papers on neutron star physics. In particular, they
include a basic formulation of the radiation transfer problem in a strongly magnetized
plasma [2], a theoretical prediction of electron cyclotron lines in the spectra of radiation
from magnetized neutron stars [3], the first realistic studies of ionization in the magnetized
hydrogen atmospheres of neutron stars [4]. He was also greatly fond of history.

Although we did not work much together, I, as many others, respected Yury Gnedin
very much. When he could help, he really did, and he was a Real Gentleman—friendly and
open to any one, from a prominent scientist to a hopeless student. I will always remember
the wonderful atmosphere, created by Yury Gnedin, and warm hospitality of his family
and home. It is amazing that both his sons have grown up into excellent scientists.

I present a small piece of neutron star physics on thermal radiation from magnetized
neutron stars. Hopefully, he would like it.

Universe 2021, 7, 395. https://doi.org/10.3390/universe7110395 https://www.mdpi.com/journal/universe
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Figure 1. Yury N. Gnedin. (Left): A rare moment of leisure on his birthday, 13 August 2007, near his summer cottage.
(Right): At a conference (June 2004). Courtesy to Oleg Gnedin.

2. Introduction

I will mostly consider thermal X-ray radiation from the surface of a middle-aged
(t � 106 yr) isolated magnetized neutron star. The radiation is supposed to emerge from
the warm neutron star interior and is emitted from a thin atmosphere or condensed surface
(e.g., [5]), where the radiation spectrum is formed. The interiors of the star are thought to be
nearly isothermal because of the high thermal conductivity of dense matter. Nevertheless,
the interiors are thermally insulated from the surface by a thin heat blanketing envelope,
where the thermal conduction is poorer and more sensitive to the chemical composition and
magnetic field. The field redirects the emerging heat flow and results in anisotropic surface
temperature distribution. The thermal surface emission can also become anisotropic.

The anisotropy of observed surface radiation is used to infer magnetic field strength
and geometry, the composition of the surface layers, global parameters of the star (such as
mass and radius), as well as important parameters of superdense matter in stellar interiors
(see, e.g., [5,6] and references therein).

Here, I study a simple model of thermal emission from magnetized neutron stars
with isothermal interiors, assuming the star emits a blackbody (BB) radiation with a local
effective surface temperature Ts, which varies over the stellar surface under the effects of
dipole surface magnetic field. This model has been invented long ago by Greenstein and
Hartke [7], elaborated in the literature (e.g., [8–13]) and reviewed in [6,14]. Here I point
out some properties of the surface emission, which, to the best of my knowledge, have not
been studied in the literature.

Logically, this paper continues the previous one [15] (hereafter Paper I), which shows
that the simple thermal spectra of magnetized neutron stars can be accurately approximated
by two-BB (2BB) models. Section 3 outlines theoretical formalism. Section 4 is devoted to
the effects of chemical composition of the blanketing envelopes and Section 5 extends the
solution to the case, in which magnetic poles contain additional hot spots. The conclusions
are formulated in Section 6.

It is important to mention more complicated neutron star emission models. They
include sophisticated magnetic field effects on thermal emission, leading to specific spec-
tral, polarization and angular properties of radiation (see, e.g., [6,16–18]), which are not
reproduced by the given model.
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3. Simple Model Spectra

3.1. General Formalism

The calculation of radiation spectral flux from a spherical neutron star under formu-
lated assumptions is simple. Here is the summary using the notations of Paper I. Any
small surface temperature element emits like a BB, and the flux is obtained by intergating
over a visible part of the surface, taking into account that emitted quanta propagate in
Schwarzschild space-time and demonstrate the gravitational redshift of photon energies
and light bending. The effects of General Relativity are specified by the compactness
parameter xg = rg/R, where rg = 2GM/c2 is the Schwartschield radius, M is the grav-
itational star’s mass, R is the circumferential radius, G is the gravitational constant and
c is the velocity of light. One deals either with local quantities at the stellar surface (e.g.,
the local surface temperature Ts) or with the quantities detected by a distant observer.
The letter ones will often be marked by the symbol ‘∞’. For instance, T∞

s = Ts
√

1 − xg is
the redshifted surface temperature. As an exclusion, we will denote local (non-redshifted)
photon energy by E0, and the redshifted energy by E ≡ E∞ = E0

√
1 − xg.

Let F∞
E be a radiative spectral flux density [erg cm−2 s−1 keV−1] detected at a distance

D � R. It is customary to express F∞
E as:

F∞
E =

R2

D2 H∞
E , (1)

where H∞
E is the effective flux, that is formally independent of D. It can be calculated as an

integral of the radiating surface flux over the visible part of the surface,

H∞
E =

15σSB

16π5k4
B

∫
viz

dΩs
(1 − xg)−1 PE3

exp(E/kBT∞
s )− 1

, (2)

where σSB is the Stefan–Boltzmann constant, kB is the Boltzmann constant, dΩs is a surface
solid angle element, and P is the light bending function (e.g., [5,19–21]).

It is convenient to integrate over the star’s surface and calculate the bolometric lumi-
nosity of the star, Ls, as well as the averaged non-redshifted effective surface temperature
Teff (e.g., [10]),

Ls = σSBR2
∫

4π
dΩs T4

s ≡ 4πσSBR2T4
eff. (3)

For a uniform surface temperature (Ts = Teff), one immediately gets the standard
BB flux,

HBB∞
E =

15σSB

4π4k4
B

(1 − xg)−1 E3

exp(E/kBT∞
eff)− 1

, (4)

and the bolometric effective flux,

HBB∞
bol =

∫ ∞

0
HBB∞

E dE =
σSBT∞4

eff
1 − xg

. (5)

3.2. Input Parameters

Equation (2) allows one to compute thermal spectra for any given temperature distri-
bution Ts over the neutron star surface. We focus on the distribution created by a dipole
magnetic field (with the field strength Bpole at magnetic poles) due to anisotropic heat
transport in a thin (maximum a few hundreds meters) heat blanketing envelope. The input
parameters are M, R, chemical composition of the blanketing envelope, and a nonred-
shifted temperature Tb at its bottom (at density ρb∼1010 g cm−3; see, for example, [14]).
The local Ts is usually determined by solving local quasistationary radial heat transport
within the envelope mediated by an effective radial thermal conductivity. For studying the
thermal surface emission, it is profitable to use Teff [see Equation (3)] instead of Tb.
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3.3. 2BB Representation

According to Paper I, the spectral fluxes H∞
E , computed from Equation (2) for iron

heat blankets, are accurately fitted by a familiar 2BB model,

H∞
E = scHBB∞

E (Teffc) + shHBB∞
E (Teffh). (6)

Here, HBB∞
E (Teff) is given by Equation (4); ‘c’ and ‘h’ refer, respectively, to colder

and hotter BB components. Any fit contains four parameters, which are two effective
temperatures Teffc and Teffh, and two fractions of effective radiating surface areas, sc and
sh. Instead of Teffc and Teffh, it is convenient to introduce two dimensionless parameters
pc = Teffc/Teff and ph = Teffh/Teff, with pc < ph. In Paper I the fits have been done for a
number of representative values of M, R, log Teff[K] (from 5.5 to 6.8), log Bpole[G] (from
11 to 14), photon energies (0.064 < E � 40 keV, removing those E at which the fluxes are
negligibly small) and inclination angles i (between line of sight and the magnetic axis).
Typical relative fit errors have not exceeded a few percent, meaning the fits were very
good, providing excellent analytic representation of the original computed data. Therefore,
thermal X-ray spectral fluxes of magnetized neutron stars within the given model are
nearly identical to those of 2BB spectral models.

Moreover, as shown in Paper I, it is sufficient to calculate the fluxes H∞
E for two

observation directions which are (i) pole observation, i = 0, to be denoted as H‖∞
E , and

(ii) equator observations, i = 90◦, to be denoted as H⊥∞
E . If these fluxes are known, the

radiation flux in any direction i is accurately approximated as:

Hi∞
E = H‖∞

E cos2 i + H⊥∞
E sin2 i. (7)

We will see (Section 5) that this approximation is more restrictive than Equation (6).
This accurate representation of numerically calculated Hi∞

E by a map of four fit pa-
rameters (pc, ph, sc, sh) in the space of input parameters has to be taken with the grain
of salt. The problem is that the fluxes Hi∞

E are close to 1BB fluxes (4), which leads to
some degeneracy of fit parameters (with respect to a fit procedure and a choice of grid
points). On the other hand, the assumed surface temperature distribution model and the
local BB emission model are definitely approximate by themselves, so that a too-accurate
fitting of Hi∞

E is actually purely academic. However, these results can be helpful for the
interpretation of observations, especially because the 2BB model is often used by observers.

4. Iron and Accreted Heat Blankets

Paper I considered heat blankets made of iron. Here, we employ a more general
model [10,11,22], in which a heat blanket consists of shells (from top to bottom) of hydrogen,
helium, carbon and iron. Light elements (H, He, C) are thought to appear because of
accretion of H and/or He and further burning into C. Iron is either formed at neutron star
birth or is a final result of carbon burning. The mass of lighter elements ΔM in the heat
blanket is treated as a free parameter. The heat blanketing envelope may fully consist of
iron (Paper I) or contain some mass ΔM � 10−6 M� of lighter elements. Lighter elements
affect the surface temperature distribution and thermal surface spectral fluxes.

To simplify the task, we will study fully accreted blankets and conclude on the partly
accreted ones in the end of Section 4.2.

4.1. Ts-Distributions

Our surface temperature distribution Ts is axially symmetric and symmetric with re-
spect to the magnetic equator. For illustration, Figure 2 presents calculated Ts for a star with
M = 1.4 M� and R = 12 km [xg=0.344 and the surface gravity gs = GM/(R2√1 − xg) =

1.59 × 1014 cm s−2]. The effective surface temperatures are shown versus colatitude ϑ,
which varies from ϑ = 0 at the north pole, to ϑ = 90◦ at the magnetic equator, and then to
ϑ = 180◦ at the south pole. Three panels (a–c) correspond to three values of the magnetic
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field Bpole = 1012, 1013 and 1014 G at the pole. Each panel displays Ts(ϑ) for six values
of log Teff [K]= 5.8, 6.0, . . . 6.8. Solid lines are plotted for the heat blankets made of iron,
while dashed lines are for the fully accreted blankets. The iron and accreted matter have
different thermal conductivities and, hence, different Ts(ϑ) distributions at the same Teff.
The dotted lines correspond to a non-magnetic star to guide the eye (they give Ts = Teff).
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Figure 2. Effective surface temperature Ts versus colatitude ϑ, from magnetic pole (ϑ = 0) to equator
(ϑ = 90◦) and the opposite magnetic pole (ϑ = 180◦) of a neutron star with M = 1.4 M� and
R = 12 km at three values of Bpole = 1012, 1013 and 1014 G [panels (a–c)]. The curves are plotted for
six effective surface temperatures, log Teff [K] = 5.8, 6.0 . . . 6.8. Solid curves refer to the heat-blanket
model made of iron, dashed cures refer to the heat blanket of fully accreted matter; dotted curves
correspond to the field-free star.

Heat conduction is mainly radiative in the outer non-degenerate layer. In deeper
layers, where the electrons become degenerate, heat is mostly transported by electrons.
The field affects also thermodynamic properties of the matter, for instance, the pres-
sure (e.g., [23]). The magnetic field effects, which regulate the anisotropy of the surface
temperature distribution, are twofold.

The effects of the first type are the classical effects of electron rotation about magnetic
field lines. They are especially important near the equator, where the heat, emergent from
the stellar interiors, propagates mainly across field lines and is thus suppressed. This may
strongly enhance thermal insulation of the equatorial part of the heat blanketing envelope,
producing rather narrow equatorial dips of Ts(ϑ) (the cold equatorial belt, Figure 2). The
dips for the accreted matter are seen to be much stronger than for the iron matter, especially
at lower Teff.

The effects of the second type are associated with the Landau quantization of electron
motion across B-lines. They become more efficient at higher B near magnetic poles, where
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they make the heat insulating layers more heat transparent and tend to increase Ts. These
relatively warmer polar ‘caps’ are wide (Figure 2); Ts increases inside them, if we approach
a pole, but not dramatically.

As long as Bpole is rather weak (Bpole � 1011 G), the classical effects stay more impor-
tant, producing a pronounced colder equatorial belt, but weakly affecting the polar zones.
The surface becomes overall colder, compared with the field-free star with the same internal
temperature Tb (e.g., see Figures 22 and 23 in [14]). With increasing Bpole, the quantum
effects become dominant, creating hot polar zones and making the surface overall hotter
(at the same Tb). At Bpole � 1012 G, the surface becomes hotter than at Bpole = 0; hot polar
zones make the equatorial belt less significant.

It is remarkable (Figure 2) that, outside the equatorial belt, at fixed Teff, the surface
temperature profiles Ts(ϑ) for iron and accreted heat blankets are mainly close. Moreover,
these profiles almost coincide at Bpole ≈ 1013 G. The latter conclusion is independent of
specific values of M and R.

4.2. Spectral Fluxes

Despite the dramatic interplay of the opposite effects and substantial temperature
anisotropy, the surface-integrated spectral fluxes H∞

E of thermal radiation behave smoothly
under variations of Bpole and/or Teff. This is because of strong effects of General Relativity,
which smooth out photon propagation from the surface to the distant observer [8,10,11].
As noted in the cited papers, General Relativity ‘hides’ magnetic effects on thermal surface
emission. Very large magnetic fields, with Bpole � 1014 (typical of magnetars), start to affect
the surface emission much more strongly, but such fields are not considered here. They
deserve a special study. In particular, their heat-insulating envelopes can become thick and
the 1D approach to calculating the heat insulation within them can be questionable.

We have checked that the spectral fluxes, calculated for the accreted envelopes, possess
the same properties (Section 3.3) as for the iron envelopes. In particular, the flux remains
to be close to that calculated in the 1BB approximation at uniform surface temperature
Ts = Teff (see, e.g., Figure 1 in Paper I). It is disappointing, meaning that such a flux, taken
at Teff as an input parameter, carries little information on the magnetic field. Then, one
should study deviations from the 1BB approximation. It is important that if one fixes Tb and
varies Bpole, one obtains noticeable Ts and flux variations (as demonstrated, for instance,
in Figures 23 and 24 of [14]) but these variations are accompanied by variations of Teff.
This would be a good theoretical construction, if one knew Tb. However, the observer can
measure Teff and wishes to infer Tb, which is not easy because at fixed Teff, the theoretical
spectral flux is slightly sensitive to Tb.

Figure 3 shows thermal spectral flux densities H‖∞
E for polar observations of the same

star as in Figure 2 (at seven values of Teff and three values of Bpole). The fluxes are plotted in
logarithmic scale versus the decimal logarithm of the redshifted photon energy E. For each
value of Teff we present three curves. The solid curves give the fluxes radiated from the star
with iron heat blanket. The dashed curves present similar fluxes for accreted heat blankets.
The dotted curves demonstrate the 1BB model, Equation (4), with given constant Ts = Teff
(as if the magnetic field is absent).

All three fluxes for each Teff look close in the logarithmic format of Figure 3. However,
they do not coincide (as clearly seen from Figure 3 of Paper I). Note that the difference
between the fluxes emitted from the star with accreted and iron envelopes is noticeably
smaller than the difference between these fluxes and 1BB ones. The difference from 1BB
fluxes monotonically increases with growing Bpole and E, which is quite understandable.
Higher Bpole produces stronger anisotropy of Ts distribution. Radiation at higher energies
is predominantly emitted from hotter places of the surface.

Let us remark that at Bpole = 1013 G the spectral fluxes from the star with iron and
accreted heat blankets are almost indistinguishable (but sufficiently different from the 1BB
flux). This is because the Ts distributions for iron and accreted blankets are very close
(Figure 2, Section 4.1). They differ only in cold equatorial belts, but the contribution into
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the fluxes from cold narrow belts appears almost negligible (also see Paper I). In contrast,
the contribution from hotter surface regions can be important (Section 5). At Bpole = 1014 G
the situation remains nearly the same as at 1013 G.
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Figure 3. Thermal spectral fluxes observed from magnetic poles for a neutron star with M = 1.4 M�
and R = 12 km at three values of Bpole = 1011 G (a), 1013 G (b), and 1014 G (c) at log Teff = 5.6, 5.8,
. . . , 6.6 assuming iron (solid lines) or accreted (dashed lines) heat blankets. The dotted lines refer to
non-magnetic star to guide the eye.

Figure 4 shows similar spectral fluxes but for equator observations (and only for
Bpole = 1011 and 1013 G). In this case, the situation is similar to that for pole observations.

The main outcome of Figures 3 and 4 is that the difference of the fluxes emitted from
stars with iron and accreted heat blanketing envelopes is rather small and can be ignored
in many applications, especially taking into account approximate nature of heat blanketing
models. The results for partly accreted heat blankets would be similar. Accordingly, one
can neglect chemical composition of heat blankets for calculating thermal emission from
magnetized neutron stars in the adopted model of heat blankets. Therefore, the chemical
composition of heat blankets does affect cooling of the neutron stars but almost does not
affect thermal emission (under formulated assumptions).
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Figure 4. Same as in Figure 3 but for equator observations at Bpole = 1011 G (a) and 1013 G (b).

4.3. Phase-Space Maps

As discussed in Section 3.3 (see also Paper I), thermal spectral fluxes can be presented
by maps of fit parameters (pc, ph, sc, sh) as functions of input parameters. For complete-
ness, Figure 5 shows these 2BB maps versus logTeff at Bpole = 1011 G [panels (a) and (e)],
1012 G [panels (b) and (f)], 1013 G [(c) and (g)] and 1014 G [(d) and (h)]. Panels (a)–(d) refer
to pole observations, while (e)–(h) to equator observations. Solid lines correspond to the
iron heat blankets, while dashed lines correspond to the accreted ones.

One can see that the dependence of fit parameters on Teff is smooth, without any
specific features. The parameters of both effective BB components are of the same order of
magnitude. Most importantly, the temperature Teffh of the hotter BB component exceeds
the temperature Teffc of the colder component by less than 20%. The effective surface
fraction sc of the colder component slightly exceeds the fraction sh of the hotter component.

The maps in Figure 5 represent the same thermal fluxes, which are plotted in Figures 3 and 4.
The main conclusion of Section 4.2, based on Figures 3 and 4, is that the fluxes for iron and
accreted envelopes are nearly the same. If they were identical, then respective solid and dashed
curves in Figure 5 should have been identical as well. However, these curves differ. The difference
is especially visible for Bpole = 1011 and 1012 G, but less visible at higher Bpole. The difference
is mainly explained by two things. First, weak variations of 2BB fit parameters lead to weaker
variations of the fluxes. Secondly, the 2BB approximation is accurate but not exact by itself,
as discussed in the previous section.

It is important that we fit unabsorbed calculated spectral fluxes using unabsorbed 2BB
models. Accordingly, as argued in Paper I, one can compare 2BB parameters, inferred from
observations (corrected for interstellar absorption and non-thermal radiation component),
with the theoretical parameters of unabsorbed 2BB models.
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Figure 5. The 2BB fit parameters versus log Teff for a 1.4 M� neutron star with R = 12 km and Bpole = 1011, 1012, 1013, or
1014 G [panels (a–h)] for polar (i = 0) and equator (i = 90◦) observations. Solid lines refer to the star with iron heat blanket,
while dashed ones are for accreted heat blanket.

5. Extra Heating of Magnetic Poles

Section 4 describes the thermal emission of cooling neutron stars with dipole magnetic
field near their surfaces, using the Ts model calculated in [10,11]. According to the theory,
radiative spectral fluxes should be almost insensitive to the chemical composition of the
heat blanketing envelopes; 2BB fits to their thermal X-ray spectral fluxes do not give the
difference between the temperatures Teffh and Teffc of the hotter and colder BB components
higher than 20% (for Bpole � 1014 G).

A brief comparison with observations of isolated middle-aged neutron stars in Paper
I shows that there are no reliable candidates for such objects at the moment; the difference
between Teffh and Teffc is actually larger, at least ∼50% for RX J1856.5−3754 [24,25], as a
promising example.

Here, we propose a possible phenomenological extension of the discussed model,
which may simplify the interpretation of observations of some sources. Specifically, let
us assume the presence of additional heating of magnetic poles, which produces polar
hotspots and raises the pole temperature. Such an extension has been used, for instance, in
Paper I but assuming heating of both poles. Now we consider heating either of both poles
or one of them. For simplicity, this heating is assumed to be axially symmetric. It does not
violate the axial symmetry of the Ts distribution. Note that two equivalent hotspots do
not destroy the initial symmetry of the north and south hemispheres, whereas one hotspot
does destroy it. Possible physical justifications for extra heating are mentioned in Section 6.

Let Ts0(ϑ) be the basic effective surface temperature used in Section 3. We introduce a
small phenomenological angle ϑ0 that deteminies the size of a hotspot. Following Paper I
we assume that at ϑ < ϑ0 (in the nothern hotspot),

Ts(ϑ) = Ts0(ϑ)

[
1 + δ cos2

(
πϑ

2ϑ0

)]
at ϑ ≤ ϑ0, (8)

and Ts(ϑ) = Ts0(ϑ) outside the hotspot. The parameter δ specifies an extra temperature
enhancement at the magnetic pole; the enhancement smoothly disappears as ϑ → ϑ0. This
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will be our model with one hotspot. Assuming a similar temperature enhancement near
the second magnetic pole, we will get the model with two hot spots. The presence of spots
renormalizes the total effective temperature Teff, Equation (3).

Otherwise, the computation of spectral fluxes is the same as in Section 3. These
fluxes can also be approximated by 2BB fits (6), and can be analyzed via phase-space
maps. In some cases presented below the relative the fit accuracy becomes worse (reaching
sometimes ∼10 %) but the fit remains robust. We will again take the star with M = 1.4 M�
and R = 12 km. For certainty, we use the model of iron heat blanket and ϑ0 = 10◦.

5.1. Extra Hotspots on Both Poles

The left panel of Figure 6 demonstrates calculated spectral fluxes for Bpole = 1014 G
and seven values of log Teff[K]=5.6, 5.8, . . . , 6.8 at δ = 0.3. Since these hotspots are identical,
observations of the first and second poles (i = 0 and 180◦) give the same fluxes. Such fluxes
are shown by dashed lines. For comparison, the solid lines are calculated at δ = 0, in which
case the extra hotspots are absent and the results of Section 3 apply. The dotted lines show
the fluxes for non-magnetic star. One can see that the presence of hotspots enhances the
spectral fluxes at high photon energies. This is expected: enhanced surface temperature of
hotspots intensifies generation of high-energy radiation. The higher the Teff, the larger the
photon energies are affected. The solid and dotted lines are the same as in Figure 3c.

lo
g
H

∞ E
(e
rg

s−
1
cm

−2
ke
V

−1
)

log E

log Teff=5.6

log Teff=6.8

i = 0◦

M = 1.4M� R = 12 km Bpole=1014 G

δ = 0

δ = 0.3

B = 0, δ = 0

F
it
p
ar
am

et
er
s

δ

pc‖
pc⊥

ph‖

ph⊥

sc⊥

sh‖

sh⊥

sc‖

Bpole = 1014 G

M = 1.4M� R=12 km

θ0 = 10◦ log Teff = 6.0

Figure 6. (Left): Thermal spectral fluxes observed from magnetic poles of a neutron star with M = 1.4 M� and R = 12 km
at Bpole = 1014 G and log Teff [K]= 5.6, 5.8,. . . ,6.6. The solid lines are obtained without extra heating, while the dashed lines
are for two extra hotspots of angular size ϑ0 = 10◦ on magnetic poles at the heating parameter δ = 0.3. Dots show 1BB
model for a non-magnetic star to guide the eye. (Right): 2BB fit parameters for the same star with Teff = 1 MK possessing
two polar hotspots of angular size ϑ0 = 10◦ on magnetic poles [see Equation (8)] versus extra relative surface temperature
increase δ at the pole.

The right panel of Figure 6 shows the 2BB fit parameters versus δ for the same star with
Teff=1 MK. At δ = 0, the results naturally coincide with those in Figures 5g,h. However,
with increasing δ, the fit parameters become different. The temperature Teffh of the hotter
BB component and the effective emission surface area sc of the colder component noticeably
increase, whereas the emission surface area of the hotter component dramatically falls
down. Even with really small hotspot temperature enhancement δ ≤ 0.3 (which gives the
fraction of extra luminosity ≤1.4%), one obtains an absolutely new phase-space portrait
with sh 	 sc. Such 2BB fits have been often inferred from observations of cooling isolated
neutron stars (see, e.g., Paper I); these sources are usually interpreted as neutron stars,
which have small hotspots with noticeably enhanced temperature.
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Therefore, the theory with hotspots predicts (e.g., Paper I) two types of neutron stars,
whose spectra can be approximated by the 2BB models. The first ones are those with
smooth surface temperature distributions, created by nonuniform surface magnetic fields
(as considered in Section 3) to be called spectral 2BB models of smooth magnetic atmospheres.
The second sources are those with distinct hotspot BB component to be called 2BB with
hotspots. Naturally, there is a smooth transition between them (for instance, by increasing
δ in the right panel of Figure 6). It seems that the observations do not provide good
candidates for the sources of the first type (Paper I), but there are some candidates for the
sources of the second and intermediate types as we will outline later.

5.2. Phase Resolved Spectroscopy in Case of Two Hotspots

Let us present a few calculated lightcurves to illustrate an important problem of
pulse fraction. For simplicity, we consider the star as an orthogonal rotator with the spin
axis perpendicular to the line of sight. Figure 7 presents several lightcurves for a star
with Bpole = 1014 G versus phase angle θ. The lightcurves are normalized by HE(0) (the
spectral flux for pole observations at given energy E). The displayed ratio of redshifted or
non-redshifted fluxes is the same at a given E, so that we drop the symbol ∞. Note that
the normalization flux HE(0) strongly depends on energy by itself. Panel (a) corresponds
to δ = 0, in which case the hotspots are actually absent and we have the emission from
the smooth magnetic atmosphere. In case (b) the hotspots with δ = 0.3 are available and
strongly affect the lightcurves.
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Figure 7. Theoretical lightcurves, normalized to pole observations, versus phase angle θ for a neutron star with Teff

= 1 MK and Bpole = 1014 G; (a) δ = 0 (no extra pole heating) and (b) δ = 0.3. Solid curves are for photon energies
log E[keV]= −1, −0.8, . . . , 0.8 (from top to bottom). The two lowest curves on panel (b) (with highest E) almost coincide.
Dotted curves show the same but neglecting gravitational light bending. The star is assumed to be orthogonal rotator with
the spin axis perperndicular to the line of sight.

Solid lines on each panel in Figure 7 present the lightcurves at 10 energies (from top
to bottom), log E[keV]= −1,−0.8, . . . , 0.8. The higher E, the stronger phase variations.
The last two lines on panel (b) almost coincide. The lightcurves on panel (a) are seen to be
smooth. The curves on panel (b) at E � 1 keV are although smooth and resemble those
on panel (a). However, at higher energies the lightcurves (b) have shapes with erased
dips at nearly equator observations [and then Equation (7) becomes inaccurate although
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Equation (6) works well]. These curves are typical for lightcurves produced by antipodal
point sources on the neutron star surface; see, e.g., Figure 4 in [19] or Figure 6 in [21].
Clearly, at high energies the star emits from the poles, the hottest places on the surface.
Nevertheless, the pulse fraction remains not too high (≤30%) in both cases (a) and (b) even
at the highest taken energy E ≈ 6.3 keV, at which thermal spectral flux becomes typically
very low by itself. Therefore, the enhancement of thermal emission by extra heating of two
magnetic poles does not lead to sizeable pulse fractions.

The dotted lines on Figure 7 show the same lightcurves as the solid lines but calculated
neglecting gravitational bending of light rays. One sees that without the light bending
the pulse fraction would be much stronger (as is well known; see, for example, [8]). The
difference of solid and dotted curves on Figure 7 has simple explanation. Without light
bending, the equator observations (θ = 90◦ or 270◦) would collect more light emitted from
the cold equator. This would lower the observed emission and produce stronger dips of
the lightcurves.

5.3. Extra Hotspot on One Pole

Finally, consider the case of a single hotspot, which we put at the north pole. This case
is different from the previous one.

The left panel of Figure 8 presents spectral fluxes calculated for the same values of
Teff and Beff as in Figure 6. The dashed lines are for the north-pole observations (i = 0) at
δ = 0.3. These fluxes are the same as in Figure 6: the observer sees a large fraction of the
surface (mainly the northern hemisphere); the southern polar region is unseen.

The solid line in the left panel of Figure 8 refers to the same case of δ = 0.3 but the
star is observed from the south pole (i = 180◦). Then the observer cannot see the hotspot,
so the line exactly coincides with the solid line in Figure 3c. The dotted line in Figure 8 is
for a non-magnetic star (as in Figures 3c and 6). Now, with only one extra heated pole, the
difference between observations of the north and south poles is pronounced.
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The right panel of Figure 8 presents the maps of 2BB fit parameters versus δ for the
same star at Teff = 1 MK for the north-pole, south-pole, and equator observations (to
be compared with Figure 6). The maps the for north-pole and equator observations are
nearly the same as those in Figure 6, but the maps for the south-pole observations are plain.
Corresponding fit parameters are independent of δ just because the observer cannot see
the emission from the hotspot (which is the only emission which increases with δ).

5.4. Phase Resolved Spectroscopy in Case of One Hotspot

Phase-resolved lightcurves are plotted in Figures 9 and 10. They are naturally different
from the case of two extra heated magnetic poles. Figure 9 is analogous to Figure 7 and
shows the light curves at the same Teff, Bpole, and extra heating parameter δ = 0.3 (a) and
δ = 0.14 (b). With one hotspot, the fractions of extra luminosities are 0.7% (a) and 0.3%
(b). The phase-space variations are similar to those in Figure 7 only at low photon energies,
in which case the extra polar heating is almost unnoticeable and the lightcurves have two
shallow dips over one rotation period. However with growing E, the extra heating becomes
important and increases the depth and width of the dips (such shapes are known to be
produced by point sources on neutron star surface, e.g., Figure 4 in [19]). At E � 4 keV in
Figure 9a the pulse fraction becomes close to 100%. In that case the observer would see only
one, but very pronounced dip over one rotation, because the extra hotspot would be poorly
visible in a wide range of θ with the center at θ = 180◦. In Figure 9b the heating is weaker,
the dips are smaller, but nevertheless they are much larger than for two heated spots at
δ = 0.3 in Figure 7. Evidently, one extra-heated magnetic pole is much more profitable
than two, for producing large pulse fractions.
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Figure 9. Theoretical lightcurves for a neutron star with M = 1.4 M�, R = 12 km, Teff = 1 MK and
Bpole = 1014 G with an extra hotspot of angular size ϑ0 = 10◦ on one magnetic pole versus phase
angle θ at extra heating parameter δ = 0.3 (a) and 0.14 (b). The curves are for photon energies
log E [keV]= −1, −0.8, . . . , 0.8. See the text for details.

Figure 10 is plotted for Bpole = 1011 G to illustrate the effects of Bpole on the pulse
fraction. Figure 10a presents the normalized lightcurves for the star with δ = 0.3. Now the
pulse fraction is lower than at Bpole = 1014 G. Nevertheless, it remains much higher than it
would be if the additional heating was switched on at both poles. Figure 10b demonstrates
that at lower δ = 0.14 at Bpole = 1011 G the pulse fraction is weaker affected by the extra
heating but nevertheless reaches about 70% at E∼6 keV.
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Figure 10. Same as in Figure 9 but for Bpole = 1011 G.

6. Discussion and Conclusions

Several isolated middle-aged neutron stars which radiation spectra have been (or can
be) fitted by 2BB models have been selected in Paper I, based on the recent catalog [26]
presented also on the Web: www.ioffe.ru/astro/NSG/thermal/cooldat.html, accessed on
17 October 2021.

These can be cooling neutron stars with dipole magnetic fields and additionally heated
polar caps. This selection is illustrative (does not pretend to be complete).

1. XMMU J172054.5−372652 is a neutron star that is probably associated with the SNR
G350.1−0.3 [27]; there is no direct evidence of pulsations. Potekhin et al. [26] used
archival Chandra data and fitted the X-ray spectrum with a neutron star (NSX) atmo-
sphere model assuming M = 1.4M� and R = 13 km. They obtained Teff ≈ 2 MK,
but did not perform two-component fits which would be interesting.

2. PSR B1055−52 (J1057−5226) is a moderately magnetized middle-aged pulsar. Its
characteristic effective magnetic field, reported in the ATNF pulsar catalog [28], is
Beff = 1.1× 1012 G. Potekhin et al. [26] present the value kBT∞

eff ≈ 70 eV (T∞
eff ≈ 0.8 MK)

based on the 2BB spectral fit by De Luca et al. [29]; the fit includes also a power-law
(PL) non-thermal radiation component. Potekhin et al. [26] have corrected the results
of [29] for the distance estimate to the source made by Mignani et al. [30] and reported
Teffh/Teffc∼2.3 with sh 	 sc. It seems worth to try to explain these data with a 2BB
model containing hotspots.

3. PSR J1740+1000 possesses the magnetic field Beff = 1.8 × 1012 G. The 2BB spectral fit
was performed in [31]. With the same version of the fit as selected in [26], one has
kBT∞

eff ≈ 70 eV (T∞
eff ≈ 0.8 MK), Teffh/Teffc∼ 2.8 and sh 	 sc, with the same conclusion

as for the PSR B1055−52.
4. PSR B1823−13 (J1826−1334), located in the SNR G18.0−00.7, has Beff = 2.8 × 1012 G.

Its X-ray emission is mainly non-thermal [32,33] but has some thermal component.
The 1BB+PL fit gives the radius of thermally emitting region R∞

eff ≈ 5 km, smaller than
the expected radius of a neutron star. Adding the second BB component is statistically
insignificant with the present data, but might be possible in the future.

5. RX J1605.3+3249 (RBS 1556) is a neutron star studied by many authors (e.g., [34–38])
with contradictory conclusions on its properties (as detailed in [26]). There is no solid
evidence of stellar rotation [37]. Its X-ray emission has been analyzed using BB fits
and neutron star atmosphere models. Recently Pires et al. [37] analysed the XMM-
Newton observations and Malacaria et al. [38] jointly analysed the NICER and XMM-
Newton data. These teams improved 2BB fits by adding a broad Gaussian absorption
line, in which case they got kBT∞

effc∼60 eV (T∞
effc∼0.7 MK), and Teffh/Teffc∼2, a good

opportunity to assume a dipole magnetic field and additionally heated poles.
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6. RX J1856.5−3754 is a neutron star with nearly thermal spectrum. It was discovered
by Walter et al. [39]. It is rotating with the spin period of ∼7 s; the effective magnetic
field is Beff∼1.5 × 1013 G; magnetic properties are highly debated (e.g., [18,40] and ref-
erences therein). The spectrum has been measured in a wide energy range, including
X-rays, optical and radio, and interpreted with many spectral models, particularly,
with the model of thin partially ionized magnetized hydrogen atmosphere on top
of solidified iron surface (see, e.g., [5,41]). Note alternative 2BB, 2BB+PL, and 3BB
fits constructed by [24] and [25]. The 2BB fits give kBT∞

effc∼40 eV (T∞
effc ≈ 0.46 MK),

Teffh/Teffc∼1.6, Reffh∼0.5 R and Reffc∼R; they seem closer to the 2BB spectral models
with smooth magnetic atmosphere, than 2BB fits for other sources. Extra heating of
magnetic poles would simplify this interpretation.

This brief analysis does not reveal any good candidate which would belong to the
family of neutron stars with dipole magnetic fields and smooth surface temperature dis-
tribution (Section 4). This does not mean that such neutron stars do not exist; it can be
difficult to identify them because their spectra are close to 1BB spectrum. To interpret
the above sources one needs to complicate the model, for instance, by introducing extra
heating of magnetic poles.

Now let us summarize our results. Following Paper I we have studied simple models
(Section 3) of thermal spectra emitted from surfaces of isolated neutron stars with dipole
surface magnetic fields 1011 � Bpole � 1014 G. Such fields make the surface tempera-
ture distribution noticeably non-uniform. The model assumes BB emission with a local
temperature from any surface element.

In Section 4 we have shown that the spectral X-ray fluxes emitted from such neutron
stars are almost the same for heat blanketing envelopes composed of iron and fully ac-
creted matter (at the same average effective surface temperatures Teff). By measuring the
spectral fluxes and Teff, it would be difficult to infer composition of their heat blanketing
envelopes, although this composition can noticeably affect neutron star cooling (e.g., [14]
and references therein). In the presence of fully accreted matter, the fluxes are accurately
fitted by 2BB models (as in Paper I for the iron heat blankets). At M∼1.4 M� and R∼12 km,
the ratio Teffh/Teffc of effective temperatures of the hotter to colder BB components cannot
be essentially larger than ∼1.2. For less compact stars, with smaller M/R, this value can be
somewhat higher (see e.g., [8], Paper I). If this ratio is larger from observations, then the
model of Sections 3 and 4 cannot explain the data.

In Section 5, following Paper I, we have extended the model by assuming sufficiently
weak extra heating of one or both magnetic poles. Increasing extra relative temperature
rise δ at the pole(s), does not greatly violate the accuracy of the 2BB spectral approximation,
but allows one to obtain larger Teffh/Teffc. Also, it affects the pulse fraction, which increases
with Bpole and photon energy E. The pulse fraction can be very high if one magnetic pole
is additionally heated, while the other is not.

Let us stress, that there have been many other studies of thermal emission from magne-
tized neutron stars. The emission produced by anisotropic surface temperature distribution
of the star with dipole magnetic fields was analyzed by Page [8]. Quadrupole magnetic
field components were added in [9]. A possible presence of toroidal field component in
the neutron star crust was studied in [12,13]. Also, there were studies of thermal emission
during magnetic field evolution in neutron stars (e.g., [18,40]). These works give a variety
of magnetic fields configurations, surface temperature distributions, and phase-resolved
spectra of neutron stars to be compared with observations and determine simultaneously
both, the surface temperature distribution and magnetic field geometry.

Introducing some extra heating of magnetic poles, we are actually doing the same.
Note that hot spots can be produced by pulsar mechanism. Also, the toroidal crustal
magnetic fields can significantly widen the cold equatorial belt, creating relatively stronger
heated poles [12], which can mimic hotspots. At the first step it might be simpler to in-
troduce phenomenological polar heating, that can be different on the two poles, and to
determine the parameters of the extra heating (the Ts distribution) by varying the param-
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eters like δ and extra temperature profile [Equation (8)] at both poles. This would be a
simple and physically transparent model of surface temperature distribution. At the next
step, one could infer (constrain) the magnetic field geometry. This method can be easily
extended to different Ts distributions, not necessarily axially symmetric.

Another very important direction would be to go beyond the approximation of lo-
cal BB emission from any surface patch, and use more realistic emission models (with
spectral features and anisotropic radiation, as well as with account of polarization effects,
for example, [42,43]).
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Abstract: SS433 is the first example of a microquasar discovered in the Galaxy. It is a natural
laboratory for studies of extraordinarily interesting physical processes that are very important for the
relativistic astrophysics, cosmic gas dynamics and theory of evolution of stars. The object has been
studied for over 40 years in the optical, X-ray and radio bands. By now, it is generally accepted that
SS433 is a massive eclipsing X-ray binary in an advanced stage of evolution in the supercritical regime
of accretion on the relativistic object. Intensive spectral and photometric observations of SS433 at the
Caucasian Mountain Observatory of the P. K. Sternberg Astronomical Institute of M. V. Lomonosov
Moscow State University made it possible to find the ellipticity of the SS433 orbit and to discover an
increase in the system’s orbital period. These results shed light on a number of unresolved issues

related to SS433. In particular, a refined estimate of the mass ratio
Mx

Mv
> 0.8 was obtained (Mx and

Mv are the masses of the relativistic object and optical star). Based on these estimates, the relativistic
object in the SS433 system is the black hole; its mass is >8M�. The ellipticity of the orbit is consistent
with the “slaved” accretion disc model. The results obtained made it possible to understand why
SS433 evolves as the semi-detached binary instead of the common envelope system.

Keywords: close binaries; black holes; evolution of binary stars

1. Introduction

The unique object SS433 shows in its optical spectrum [1], in addition to the standard
emission lines of hydrogen and helium, moving emissions, which move along the spectrum
with a period of 162.3 d [2]. The amplitude of these displacements reaches an enormous
value of ~1000 Å, which amounts up to tens of thousands of km s−1 on the scale of velocities.
Before the discovery of SS433 in the 1970s [2,3], astronomers had never seen anything like
this. Therefore, the nature of object SS433 seemed mysterious; some scientists called SS433
“the enigma of the century”. In the earliest press releases, there were even mentions that it
was possible that we were observing signals from an extraterrestrial intelligence which was
shining on us with a powerful re-configurable laser. Fortunately, this hypothesis did not
manage to appear in scientific publications since, in 1979, it turned out [4,5] that the moving
lines in the spectrum of SS433 are formed in relativistic (v � 0.26c) collimated jets that are
ejected from some central source and precess with a period of ≈164 d. The opening angle
of the precession cone is ≈20◦, and the precession axis is inclined with respect to the line
of sight by an angle of ≈79◦. Although the nature of the central source remained unclear,
speculation arose that all of these phenomena were enacted in a binary system [6,7]. The
binary system model was proposed in 1980 by [8], who measured the Doppler shifts of
the narrow components of the stationary hydrogen lines and found a period of ≈13.1 d,
which testified in favor of the close binary system model. The authors from the analysis of
their data, assuming that the radial velocity curve measured by them reflects the orbital
motion of the components, came to the conclusion that SS433 is a low-mass binary system
consisting of a low-mass optical star (1M�) and a neutron star. As it turned out later,
according to our research, this conclusion turned out to be incorrect.

In 1980, we made photometric observations of SS433 and found that SS433 is an
eclipsing binary system [9]. The discovery of optical eclipses in the SS433 system made it
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possible to establish that the radial velocity curve constructed by [8] does not reflect the
orbital motion of the components but describes the motion of gas in a gas stream flowing
from the Lagrange point L1 onto a relativistic object. Analysis of optical eclipses in SS433,
as well as studies of the system’s extra eclipse brightness depending on the phase of the
precessional period [9], made it possible to construct a self-consistent model of SS433 as a
massive X-ray eclipsing binary system at an advanced stage of evolution with an optically
bright supercritical accretion disc predicted in [10]. Relativistic jets are ejected from the
central parts of the supercritical disc perpendicular to its plane. The plane of the disc is
inclined to the orbital plane of the SS433 system at an angle of 20◦, the disc precesses with a
period of 162.3 d and relativistic jets track the disc precession. The moving emissions are
formed in the outer parts of the jets.

The question arose about the reasons for the disc precession. Back in 1973, Katz pro-
posed a precessing disc model to explain the 35-day X-ray cycle in the Her X-1 system [11].
In 1974, Roberts proposed a slaved precession model for an accretion disc in the Her X-1
system [12]. Even earlier, the idea of the slaved disc was expressed by Shakura [13]. The
slaved disc model for SS433 was proposed in 1980 by van den Heuvel et al. [14]. In this
model, the axis of rotation of the optical star precesses and the disc tracks this precession.
The non-perpendicularity of the axis of rotation of the optical star to the orbital plane may
be associated with an asymmetric supernova explosion, which inclined the orbital plane of
the binary system relative to the axis of rotation of the star [12,15]. To explain the high and
stable velocity of matter in the SS433 jets, a model of radiative acceleration was proposed
(the so-called line-looking effect [16,17]).

Thus, by the early 1980s, the main features of SS433 as a massive close binary X-ray
system in the supercritical accretion regime had been clarified. However, many problems
remained unresolved. The massive binary system model for SS433 [9] was confirmed
by [18], who plotted the radial velocity curve from the stationary HeII 4686 line and
measured the mass function of a relativistic object (the lower limit of the mass of an optical
star), which turned out to be ≈10M�.

2. Unsolved Problems

Over the past 40 years, the object SS433 has been studied in detail in the optical, IR,
X-ray and radio ranges (see, for example, reviews [6,7] where all the necessary references
are given). Many new and interesting results were obtained on the object SS433, which
turned out to be the first example of a microquasar in our Galaxy. However, the main
problems associated with this unique object have been unresolved until recently. Let us list
some of them.

1. The nature of the precessional variability of SS433. Which model is applicable to
SS433: slaved precessing disc model or slaved disc model?

2. The nature of the accreting relativistic object: a neutron star or a black hole?
3. Why has a common envelope not formed in the SS433 system, which undergoes

secondary mass exchange in the thermal evolution time scale, and the system evolves
as a semi-detached one?

Recently, new observational data have been obtained on the object SS433, which bring
us closer to solving these problems.

3. Discovery of the Ellipticity of SS433’s Orbit: Strong Support for a Slaved Accretion
Disc Model

The slaved accretion disc model proposed in [14] seems to be very attractive since a
natural physical justification can be formulated for it. Indeed, a small (~1%) asymmetry of
a supernova explosion, which accompanied the formation of a relativistic object in a binary
system, can turn the orbital plane of the binary system relative to the axis of rotation of the
optical star by a significant angle [12,15]. A supernova explosion could also significantly
increase the eccentricity of the system’s orbit. Under the action of tidal interaction from
the side of the resulting relativistic object, the axis of rotation of the optical star begins to
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precess, which leads to the formation of an accretion disc that does not lie in the plane
of the system’s orbit and precesses with the precession period of the optical star. Since
a precessing star has a large mass and a huge rotational moment, its precession is very
stable and, as a consequence, the observed precession of the accretion disc should also be
stable on average. Our long-term (24 years) spectral observations of SS433 [19,20] using
published data indicate the stability of the parameters of the kinematic model SS433 over
40 years. This stability can be considered as an argument in favor of the model of a slaved
accretion disc in the SS433 system.

However, until recently, there was one fundamental difficulty in applying the model
of a slaved accretion disc to the SS433 system. The orbit of SS433 was considered circular
since the secondary minimum on the eclipsing light curve, within the errors associated
with significant physical variability of the system, was located approximately in the middle
between the two primary minima.

The presence of a circular orbit in the SS433 system during asynchronous rotation of the
optical star (the star’s rotation axis is not perpendicular to the orbital plane) contradicts the
theory of tidal synchronization of stars in binary systems. According to this theory [21,22],
the synchronization of axial and orbital rotation due to the dissipation of the energy
of orbital motion in dynamic tides should occur before the circularization of the orbit.
Therefore, if the orbit of SS433 is circular, then the optical star must be synchronized with
the orbital revolution and its rotation axis must be perpendicular to the orbital plane. In this
case, the accretion disc should lie in the plane of the system’s orbit. The slaved disc model
is not applicable in this case. As noted above, a significant initial eccentricity of the orbit
could appear in a binary system after a supernova explosion, so the assumption of an
initial circular orbit seems unnatural. In this regard, the problem of finding direct signs of
the ellipticity of the SS433 orbit arises. Indirect evidence of the ellipticity of the orbit was
obtained in [19,20,23]. In these works, it was found that the velocity of matter in relativistic
jets SS433 is modulated by the orbital period Porb = 13.082 d. In this regard, a hypothesis
was put forward about the possible ellipticity of the SS433 orbit: changes in the distance
between the components in an elliptical orbit cause a change in the rate of influx of stellar
matter into the accretion disc, which can lead to orbital modulation of the velocity of matter
in the jets. Other indirect indications of the ellipticity of the SS433 orbit were obtained
in [24,25]. In this regard, it is of interest to search for direct evidence of the ellipticity of the
SS433 orbit.

During 2018–2021, at the Caucasian Mountain Observatory (KGO) of the GAISH MSU,
we carried out intensive photometric monitoring of SS433. Several hundred brightness
estimates of SS433 were obtained in BVRI filters during 276 observation nights. These
data allowed us, in combination with published photometric observations, to construct
a high-precision (including 909 individual observations) mean SS433 light curve in the
V band in the phases of the precessional period Pprec = 163.3 d, corresponding to the
maximum opening of the accretion disc with respect to the observer [26]. Figure 1 shows
this curve. It can be seen that the secondary minimum has a noticeable shift relative to the
middle between the two primary minima. Analysis of this displacement and the study of
the difference in the widths of the primary and secondary minima performed in [26] made
it possible to establish that the eccentricity of the SS433 orbit is e = 0.050 ± 0.007, and the
longitude of the periastron for the epoch of ≈1990 is ω = 40◦ ± 20◦. The ellipticity of the
SS433 orbit discovered by us is in good agreement with the model of a slaved accretion
disc. Both observational facts—the long-term stability of the kinematic model parameters
and the ellipticity of the SS433 orbit—strongly support the model of a slaved accretion disc
in the SS433 system [14], as well as the hypothesis that the reason that the disc does not lie
in the plane orbit is an asymmetric supernova explosion in the system [12,15].
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Figure 1. Average orbital light curve of SS433 derived from 909 individual measurements taken
during 1978–2012. The observed points were selected in the phases of maximum opening of the
accretion disc with respect to the observer. From the paper [26].

4. The Discovery of an Increase in the Orbital Period of the SS433 System: A Strong
Argument for the Presence of a Black Hole

Despite more than forty years of research, the nature of the relativistic object in the
SS433 system remained completely unclear until recently (see discussions on this topic
in [6,7,20]). In [19,20], using information on the constancy of the orbital period of SS433
over 28 years [27,28], the authors estimated the ratio of the masses of the components in the

SS433 q =
Mx

Mv
= 0.6 (Mx and Mv are the masses of a relativistic object and an optical star,

respectively). The constancy of the orbital period for the SS433 system is very surprising;
after all, the rate of mass loss from the system in the form of wind from the supercritical
accretion disc is very high, ~10−4M� year−1 (see, for example, [9]). In [20,29], the balance
equations for the loss of angular momentum of the SS433 system were derived by various
mechanisms: the transfer of mass and angular momentum during the flow of matter of an
optical star through the internal Lagrange point L1 to a relativistic object, Jeans mass loss in
a symmetric high-velocity outflow matter in the form of wind from the disc as well as the
outflow of matter outside the binary system through the outer Lagrange point L2. The first
mechanism, when flowing from a more massive optical star to a relativistic object, tends
to bring the components closer together (and, accordingly, to decrease the orbital period).
The second mechanism seeks to increase the distance between the components, that is,
to increase the orbital period. The third mechanism leads to a decrease in the distance
between the components, i.e., to a decrease in the orbital period. It turns out that, at a huge
rate of mass loss in the form of a wind ~10−4M� year−1, an equilibrium between these
three mechanisms is established at a very large mass ratio q � 0.6. With an optical star mass
of ≈10M� (see, for example, [18]), it follows that the mass of a relativistic object is 6M�,
which is typical of a black hole. In this regard, it is very important to check with additional
observations the nature of the constancy or change in the orbital period of SS433. As noted
above, in 2018–2021, on the automated 60-cm reflector of the Caucasian Mount Observatory
of P. K. Sternberg Astronomical Institute of M. V. Lomonosov Moscow State University,
we obtained dense series of photometric observations of SS433 in BVRI filters. With the
involvement of all published photometric observational data (since 1979), we discovered
an increase in the orbital period of SS433 with time [26]. Figure 2 shows the corresponding
plots O − C—the differences between the observed moments of the primary minimum of
the light curve of SS433 and theoretical moments calculated with linear elements [28]. Here,
the parabola corresponds to an increase in the period, and the inclined line corresponds to
a constant period (the slope of this line to the abscissa axis determines the correction to a
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constant period). It can be seen that the parabolic approximation of the points in Figure 2
is much more preferable than the linear approximation. Thus, it is shown that the orbital
period of SS433 increases. The rate of this increase is Ṗ = (1.0 ± 0.3)× 10−7 s per s. It is
also shown that the model of the third body in the SS433 system, which can also lead to an
increase in the orbital period, is rejected, since the mass of the third body must be more
than 16M�. The lines of such a massive star would be visible in the total spectrum of the
SS433 system, which is not observed.

Figure 2. O − C values for SS433, calculated using the ephemeris with a constant orbital period
Porb = 13.08223 d. Right and left panels: O − C calculated by different methods. The parabola
corresponds to an increase in the orbital period. The inclined straight line corresponds to a constant
period with a ΔP correction. From the paper [26].

Using the equation to balance the loss of angular momentum and taking into account
that the orbital period of SS433 increases, an improved estimate of the mass ratio q > 0.8 is
given in [26]. With the mass of the optical star Mv = 10M�, an estimate is obtained for the
mass of the black hole in SS433 Mx > 8M�. Thus, it has been shown that the SS433 system
contains a black hole with a mass close to the average mass of stellar black holes in X-ray
binaries (≈8 ÷ 10M�).

The increase in the orbital period of SS433 found by us allows us to reliably reject
the presence of a neutron star in the system since, in this case, the orbital period of SS433
should not increase, but should decrease with time, which contradicts observations.

5. Other Estimates of the Mass Ratio

The supercritical optically bright accretion disc in the SS433 system makes spectro-
scopic investigations of the donor star more difficult due to the disc’s powerful radiation.
Nevertheless, there is a significant progress in this problem by now.

Careful spectroscopic investigations of SS443 made by [30–32] let us estimate the
spectral type of the optical star as A7I and to obtain (using absorption lines) the radial
velocity curve of this star with the semi-amplitude Kv = 58.2 ± 3.1 km s−1. It corresponds
to the optical star’s mass function fv(m) = 0.268M�. Similar results were obtained by [33].
In the recent paper by [34], the axial rotation velocity vrot = 140 ± 20 km s−1 was measured
using the Doppler widening of absorption lines of the optical star. Using this value,
the corresponding masses and mass ratio of the components of SS433 were estimated:
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q =
Mx

Mv
= 0.37 ± 0.04, the mass of the relativistic object Mx = 4.2 ± 0.4M� and the mass

of the optical star Mv = 11.3 ± 0.6M�.
There are reasons to suppose that the estimates of the mass of the relativistic object in

SS433 based on the spectroscopic data cannot be assumed as reasonably reliable, because the
SS433 radiation travel through the intercomponent moving gas medium and also through
the rotating circumbinary gas envelope. For the gigantic mass loss rate Ṁ � 10−4 year−1,
the density of matter in these structures is very high. Therefore, the selective absorption of
the optical star’s light in moving dense gas structures can significantly distort the orbital
radial velocity curve of the donor star measured using absorption lines, see, e.g., [35–37].

The situation with emission lines is also uncertain. For example, the mass function of
the relativistic object calculated using the He II 4686 emission line changed from 10M� [18]
to 2M� [38]; it depends on the phase of the precessional period. This can be related with
the complicated structure of the wind from the precessing accretion disc whose shape can
be asymmetric and twisted.

Because of these problems, great hopes were pinned on studies of X-ray eclipses
in the SS433 system. Since the orbital inclination of the system i = 79◦ is known from
the analysis of displacements of moving emission lines, and the optical star fills or even
overfills its inner critical Roche lobe, the analysis of the duration of the X-ray eclipse (when
the star hides X-ray structures) gives a principal possibility to estimate the mass ratio of
the components.

First such estimate was made by [39–41]. From the analysis of X-ray eclipses in SS433
in the range 2–10 keV in the model of eclipse of the thin relativistic jets (radiating in X-rays)

by the optical star, there was obtained a very low mass ratio q =
Mx

Mv
� 0.15. In this case, it

was assumed that the optical star fills its Roche lobe.
Nevertheless, there are observational data indicating that the optical star in SS433 not

only fills it inner critical Roche lobe but also overfills it. At the same time, the star outflows
both through the inner Lagrange point L1 and through the outer Lagrange point L2. From
the analysis of spectral data, arguments in favor of the outflow of the optical star’s matter
through the outer Lagrange point L2 were suggested [42]. It indicates that the star most
likely fills its outer Roche lobe whose size is significantly (by 15–20%) greater than the size
of the inner critical Roche lobe. In papers by [43,44], the equatorial outflow of the matter in
the plane perpendicular to the direction of the jets was discovered in S433. It also indicates
that the star outflows through the L2 point and that the star fills its outer Roche lobe. The
conclusion about the filling of the outer Roche lobe by the optical star in SS433 and about
the outflow through the L2 point is supported by the optical and infrared spectroscopy of
this object that revealed two-humped stationary hydrogen emission lines [45,46]. These
lines indicate the presence of the circumbinary envelope which most likely is forming
during the outflow of the optical star through the L2 point.

Recently, several theoretical studies [47,48] showed that, due to the limited carrying
capacity (for the outflowing material) of the surroundings of the L1 point, the star (with
the radiative envelope) during the mass transfer in the thermal time scale can be in a state
of a significant overflow of its inner critical Roche lobe for a long time and the matter can
outflow through the L2 point.

So, taking into account that the radius of the occulting star in SS433 is significantly
greater than the size of the inner critical Roche lobe, the estimate of the component mass
ratio obtained by [39–41] should be considered as the lower limit of the mass ratio.

In the review by [7], the results of the interpretation of the eclipsing (orbital) and
precessional variability in the hard X-ray range (kT ≈ 18–60 keV) were summarized. It was
shown that, since the X-ray spectrum hardness does not change with the phase of the orbital
and precessional variability (the observed X-ray flux changes by about five times), the
hard X-ray radiation in contradiction to the soft X-ray radiation (kT ≈ 2–10 keV) is formed,
not in narrow jets but in an extended quasi-isothermal hot corona of the accretion disc.
According to [49], the temperature of the corona is ≈20 keV, its optical depth (Thompson
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scattering) is ≈0.2 and the mass loss rate in the jets is Ṁ ≈ 3 × 10−7M� year−1 (the mass
loss rate in the wind from the disc is ~10−4M� year−1).

In the paper by [7], to analyze the X-ray eclipses and precessional variability of SS433
in the hard X-ray range (kT = 18–60 keV), the following model was used: the optical star
overflows its inner critical Roche lobe including the case of the filling of the outer Roche
lobe, and the star outflows through the L2 point. The interpretation of observations was
made in the model of precessing accretion disc with hot corona in its central parts. It
became clear that q cannot be unambiguously found from the X-ray eclipsing light curve
alone. Co-interpretation of both the eclipsing X-ray light curve and precessional light curve
in the model of the filling of the outer Roche lobe let us obtain the estimate of the mass

ratio q =
Mx

Mv
> 0.4–0.8. For the mass of the A7I optical star equal to 10M�, it gives the

estimate of the mass of the black hole Mx ≈ 4–8M�.
So, the conclusion about the high mass ratio of components in the SS433 system and

the presence of the black hole in this system are supported by numerous independent
observational data.

6. Explanation of the Evolutionary Status of SS433 as a Semi-Detached Binary System

According to the predictions of the modern theory of the evolution of massive close
binary systems [50], at the stage of secondary mass exchange, due to the very high rate of
the matter flow from an optical star to a relativistic object, a common envelope should form.
In this case, due to deceleration by dynamic friction, rapid decreasing of the separation of
components occurs. As a result, depending on the initial angular momentum of the binary
system, either a short-period WR + c system (of the Cyg X-3 type, Porb � 4.8 h) is formed or
the Thorne–Zhitkov object [51], a completely convective supergiant with relativistic object
in the center, is formed. According to [52], the life time for the Thorne–Zhitkov object can
be very short due to the neutrino emission.

The SS433 system is at the stage of secondary mass exchange but its evolution, for
some reason, took a different path. The system evolves as a semi-detached binary. The re-
moval of mass and angular momentum from the system is not carried out into the common
envelope but in the form of a radial outflow of a powerful wind (Ṁ � 10−4M� year−1,
v � 103 km s−1) from the supercritical accretion disc. This feature of SS433 has long re-
mained a mystery.

Recently, studies have appeared that have shown that the ratio of the masses of the
components is decisive in the evolutionary fate of a massive X-ray binary system at the
stage of secondary mass exchange. In a recent work [53], it was shown that when a massive
donor star in an X-ray binary system fills or overfills its Roche lobe and outflows onto a

relativistic object, then if the component mass ratio is q =
Mx

Mv
� 0.29, the system can avoid

the formation of a common envelope and remain semi-detached. Such a system evolves
as a semi-detached system with a stable overflow of the Roche lobe with an optical star
and with a stable flow of stellar matter on a relativistic object and with the formation of a
supercritical accretion disc with a powerful outflow of stellar wind from it (the so-called
isotropic re-emission mode or SS433-like mode). If the mass ratio q is small (q < 0.29), then
a massive X-ray binary system at the stage of secondary mass exchange inevitably passes
through the stage of evolution with a common envelope. The evolutionary scenario that
described the formation of the object of SS433 type was considered in the paper by [54].

Thus, the central point in understanding the evolution of SS433 is knowing the real
mass ratio of the system’s components. Until recently, there was no complete clarity on
this issue. Different methods gave estimates from q � 0.14 to q = 0.8 (see reviews by [6,7]
for all the necessary references). The new estimate q > 0.8 [26], obtained on the basis of
our discovered increase in the orbital period of SS433, is very reliable and allows us to
understand the reason why the SS433 system remains semi-detached. The SS433 system
evolves as a semi-detached because the relativistic object here is a relatively large mass
black hole (Mx > 8M�), which is typical of stellar mass black holes in X-ray binaries.
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7. Conclusions

Object SS433 (“Enigma of the century”) is the first example of a microquasar dis-
covered in the Galaxy. The object is a natural laboratory where complex and extremely
interesting physical processes take place that shed light on many problems: from relativistic
astrophysics to the physics and evolution of stars and high energy astrophysics.

For example, recently, the gamma radiation of SS433 was discovered; it can be formed
as the result of the interaction of the relativistic jets with the matter of the W50 nebula
that surrounds SS433 [55]. In the work by [56], the variability of the gamma flux from
SS433, with the period of the precession of the accretion disc, was found. The authors noted
that such variability can be related with the formation of the gamma radiation close to the
accretion disc of SS433. In this regard, let us note that, in papers by [57,58], in the central
part of the supercritical accretion disc in the SS433 system, the hot (kT ≈ 20 keV) extended
corona radiating in the hard (kT = 18–60 keV) X-ray range was discovered. Recently, new
observational data were obtained that indicated the similarity of physical processes in
SS433 and in (still mysterious) objects such as ultra-luminous X-ray sources (ULXs) [59].

In this article, we have summarized the most fundamental problems associated with
the object SS433 and showed how the latest observations and theoretical models allow us
to understand the nature of this extremely interesting object.
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Abstract: A numerical model description of a hot Jupiter extended envelope based on the approxi-
mation of multi-component magnetic hydrodynamics is presented. The main attention is focused on
the problem of implementing the completed MHD stellar wind model. As a result, the numerical
model becomes applicable for calculating the structure of the extended envelope of hot Jupiters
not only in the super-Alfvén and sub-Alfvén regimes of the stellar wind flow around and in the
trans-Alfvén regime. The multi-component MHD approximation allows the consideration of changes
in the chemical composition of hydrogen–helium envelopes of hot Jupiters. The results of calculations
show that, in the case of a super-Alfvén flow regime, all the previously discovered types of extended
gas-dynamic envelopes are realized in the new numerical model. With an increase in magnitude of
the wind magnetic field, the extended envelope tends to become more closed. Under the influence
of a strong magnetic field of the stellar wind, the envelope matter does not move along the ballistic
trajectory but along the magnetic field lines of the wind toward the host star. This corresponds to an
additional (sub-Alfvénic) envelope type of hot Jupiters, which has specific observational features.
In the transient (trans-Alfvén) mode, a bow shock wave has a fragmentary nature. In the fully
sub-Alfvén regime, the bow shock wave is not formed, and the flow structure is shock-less.

Keywords: numerical simulation; magnetic hydrodynamics (MHD); hot Jupiters

1. Introduction

Hot Jupiters are giant exoplanets with masses on the order of Jupiter’s mass, located
in the immediate vicinity of a host star [1]. The first hot Jupiter was discovered in 1995 [2].
Due to the close location to the host star and the relatively large size, gas envelopes of
hot Jupiters can overfill their Roche lobes, resulting in intense gas outflows both at the
night side (near the Lagrange point L2) and at the day side (near the inner Lagrange
point L1) of the planet [3,4]. The presence of such outflows is indirectly indicated by
the excessive absorption of radiation in the near ultraviolet range observed in some hot
Jupiters during their transit across the disk of their host star [5–11]. These conclusions are
confirmed by direct numerical calculations in the framework of one-dimensional aeronomic
models [1,12–15].

In this case, the matter of expanding the upper atmosphere of hot Jupiter is no
longer collision-less, and a gas-dynamic approximation can be used to describe it. Such an
exosphere is more correctly called the extended envelope of a hot Jupiter. These are located
above the exobase, have a fairly large size, relatively high density, and are characterized
by significant deviations from a spherical shape. The structure of an extended envelope
and its physical properties are determined by the fact that several other forces act on each
element of the flow in the envelope in addition to the planet gravity: the gravitational
force of the star, the orbital centrifugal force, the orbital Coriolis force, as well as the forces
determined by interaction with the stellar wind, the radiation of the star, and the magnetic
field. Therefore, the study of the structure of gas envelopes of such objects is one of the
most urgent problems of modern astrophysics [16].
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In the three-dimensional approximation, the gas-dynamic structure of the extended
envelope of hot Jupiters was studied in [17–22]. In these works, it is shown that, depending
on the model parameters, structures of three main types can be formed during the interac-
tion of stellar wind with the expanding envelope of a hot Jupiter [17]. If the atmosphere of
a planet is completely located inside its Roche lobe, then a closed envelope is formed. If the
flow of matter from the inner Lagrange point L1 is stopped by the dynamic pressure of
stellar winds, then a quasi-closed envelope is formed. Finally, if the dynamic pressure of the
stellar wind is not sufficient to stop outflow from the Lagrange point L1, an open envelope is
formed. The type of forming envelope significantly determines the mass loss rate of the
hot Jupiter [17]. On the other hand, in the works [23–27], noticeable dependence of the
mass loss rate by the planet on the strength of stellar wind wasn’t found, while the type of
envelope changed from the open type to the closed one.

Hot Jupiters may have their own magnetic field, which can influence the process of
their flow around by stellar wind. However, estimates of the intrinsic magnetic fields of
hot Jupiters show that it is most likely quite weak. The characteristic value of the magnetic
moment of hot Jupiters, apparently, is 0.1–0.2 μJ, where μJ = 1.53× 1030 G·cm3 is the Jupiter
magnetic moment. This value is in a good agreement with both observational [28–31] and
theoretical [32] estimates.

The relatively low value of the dipole moment is explained by the inefficiency of
the dynamo process of magnetic field generation in the bowels of these planets. This is
due to the fact that hot Jupiters are located close to the host star; therefore, due to strong
tidal disturbances, the proper rotation of a typical hot Jupiter should pass into a state of
synchronization with its orbital motion over a period of about several million years [33].
In the state of synchronous rotation, the efficiency of dynamo generation of magnetic field
drops sharply.

The process of dynamo-generation of magnetic field occurs in the bowels of the planet
and is largely determined by its internal structure (see, for example, [34,35]). However, it
should be noted that the magnetic field of hot Jupiters can be generated not only in the
bowels but also in the upper layers of atmosphere. The estimates made in [21] show that
the upper atmosphere of hot Jupiters consists of almost completely ionized gas. This is due
to the processes of thermal ionization and hard radiation of the host star.

Therefore, the upper part of hot Jupiter atmosphere can be called the ionospheric
envelope. It is shown in [36] that the proper magnetic field of hot Jupiter should influence
the formation of large-scale (zonal) currents in its atmosphere. Detailed three-dimensional
calculations [37,38] demonstrate a complex picture of the distribution of winds in the upper
atmosphere in which magnetic fields play an important role.

In particular, electromagnetic forces can shift the hot spot forming at point facing the
host star to the west. This effect can also be manifested on the light curves of hot Jupiters.
For example, a comparison of the observed light curves with those calculated for the
planet HAT-P-7b allows estimation of the characteristic magnetic field in the atmosphere
of 6 G [39]. Most likely, this estimate is greatly overvalued. Recall that, at the level of the
Jupiter cloud layer, the magnitude of the magnetic field is 4–5 G.

It is important to note one more circumstance. Due to their close location to the
host star, hot Jupiters can have a quite strong magnetic field induced by the stellar wind
magnetic field. As the calculations presented in [40] show, the corresponding magnetic
moment of such a field can be from 10% to 20% of the Jupiter magnetic moment. Summing
up all these comments, we can conclude that the question of magnitude and configuration
of magnetic field in hot Jupiters is still open.

Analysis of the influence of stellar wind magnetic field on the process of its flow
around the atmosphere of hot Jupiter [41] shows that in the case of hot Jupiters, this effect
can be extremely important. This is due to the fact that almost all hot Jupiters are located
in the so-called sub-Alfvén zone of stellar wind of the host star, where the wind speed is
less than the Alfvénic one. Taking into account the orbital motion of the planet, the flow
velocity turns out to be close to the Alfvénic one.
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Therefore, depending on the specific situation (the major semi-axis of the planet
orbit, the spectral class of host star, the proper rotation period of star, the features of
stellar wind), both super-Alfvén and sub-Alfvén flow regimes can be realized. Note that
in the super-Alfvén regime, the magnetosphere of hot Jupiter will contain all the main
elements (the bow shock wave, the magnetopause, the magnetospheric tail at the night side,
and others) present in the magnetospheres of planets of the Solar system [42,43]. In the
case of sub-Alfvén flow regime, the bow shock wave will be absent in the magnetosphere
structure [44].

The problem of the magnetic field influence on the dynamics of extended envelopes of
hot Jupiters is of constant great interest to the scientific community. In recent years, several
attempts have been made to account for the magnetic field in one-dimensional [45–48],
in two-dimensional [49] and in three-dimensional [47,50,51] numerical aeronomic models
of hot Jupiter atmospheres. However, in these studies, only the immediate vicinity of
the planet was considered, and estimates of the mass loss rate were performed without
considering the presence of extended envelopes.

An exception is the work [51], in which the authors performed three-dimensional
numerical modeling in a wide spatial domain and obtained MHD solutions for exoplanets
with open and quasi-closed envelopes. In our recent work, we investigated the influence of
both the planet own magnetic field [52,53] and the wind field [41,54–57] on the envelope
dynamics of hot Jupiters. The results of these investigations are presented in the review [16].

In this paper, we consider the further development of our numerical MHD codes.
The main attention in the paper is focused on obtaining a numerical model that is self-
consistent with the stellar wind and includes additional physical effects due to the complex
chemical composition of the hydrogen–helium envelopes of hot Jupiters. Taking into
account the self-consistent model with the wind allows, in particular, to more correctly
determine the position of the Alfvén point.

In our previous numerical models, this parameter was either estimated approximately
from the condition of constancy in the computational domain of the radial wind speed,
or was set separately. Another important development direction is the creation of a
numerical model of multi-fluid (multi-component) magnetic hydrodynamics for describing
the structure of hot Jupiter extended envelope. In the paper, we did not consider specific
processes that lead to local changes in the concentration of components (chemical reactions,
ionization, etc.), as well as the corresponding heating–cooling processes, since the main
goal was to include the stellar wind model.

However, in the future, this will allow for not only consideration of the chemical com-
position of the hydrogen–helium envelopes of hot Jupiters but also to trace the distributions
and dynamics of components of particular interest (e.g., biomarkers). The multi-fluid MHD
model described in this paper was developed on the basis of already existing single-fluid
MHD model for describing the structure of a hot Jupiter extended envelope [16].

The paper is organized as follows. Section 2 describes the MHD model of stellar
wind we used. Section 3 describes the three-dimensional numerical model of a multi-
component MHD. Section 4 describes the numerical model of the hot Jupiter extended
envelope based on multi-component MHD. Section 5 presents the results of calculations.
The main conclusions of the study are summarized in Section 6. Finally, some computation
method details are described in the Appendix A.

2. Stellar Wind Model

2.1. Basic Equations

To describe the structure (including the magnetic field) of stellar wind in the vicinity
of hot exoplanets in our numerical model, we will rely on the well-studied properties
of the solar wind. As shown in numerous ground- and space-based investigations (see,
for example, the review of [58]), the picture of magnetic field of the solar wind is fairly com-
plex. Schematically, this structure is illustrated in Figure 1 (see, e.g., our paper [41]). In the
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corona region, the magnetic field is mainly determined by the Sun intrinsic magnetism,
and therefore it is essentially non-radial.

At the boundary of the corona, which is located at a distance of several radii of the
Sun, magnetic field becomes purely radial with high accuracy. Beyond this region is the
heliospheric area, the magnetic field that is significantly determined by the properties of
the solar wind. In this region, the magnetic field lines with a distance from the center
gradually twist in the form of a spiral due to rotation of the Sun, and therefore (especially
at large distances) the magnetic field of the wind can be described with good accuracy
using a simple Parker model [59].

Figure 1. Schematic representation of the solar wind structure in the ecliptic plane. The Sun cor-
responds to a small colored circle in the center. The arrow shows the direction of rotation of the
Sun. The boundary of the middle circle indicates the region of the corona, at the edge of which
the magnetic field becomes purely radial. The shaded gray areas correspond to the zones of the
heliospheric current sheet (shown by dotted lines running from the corona to the periphery), which
separates the solar wind magnetic field with different directions of magnetic field lines (from the
Sun or to the Sun). The orbit of a hot exoplanet is shown by a dotted circle, which is located in the
heliospheric region.

However, the observed magnetic field in the solar wind is not axisymmetric but has a
manifested sector structure. This is due to the fact that at different points of the spherical
surface of the corona, the field may have different polarity (the direction of field lines
relative to the direction of normal vector), for example, due to the inclination of magnetic
axis of the Sun to its rotation axis.

As a result, two clearly distinguished sectors with different directions of the magnetic
field are formed in the solar wind in the ecliptic plane. In one sector, the magnetic field
lines are directed towards the Sun, and in the opposite sector, away from the Sun. These
two sectors are separated by the heliospheric current sheet, which rotates together with the
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Sun and therefore the Earth, during its orbit around the Sun, crosses it many times per year,
passing from the solar wind sector with one magnetic field polarity to the neighboring
sector with the opposite magnetic field polarity.

In our calculations, we neglect the possible sector structure of the wind magnetic field,
as well as the presence of a heliospheric current sheet in it, focusing on the influence of
its global parameters. We reasonably assume that the orbit of a hot exoplanet is located
in the heliospheric region beyond the boundary of the corona. In Figure 1, it is shown as
a dotted circle. To describe the structure of the wind (including its magnetic field) in the
heliospheric region, an axisymmetric (or even a spherically-symmetric) model [60] can be
used as the first approximation.

We will consider the wind model in an inertial reference frame in spherical coordinates
(r, θ, ϕ). We assume that the center of the spherical coordinate system coincides with the
center of the star. At the same time, we can ignore the dependence of the wind parameters
on the angle θ, since we are interested in the flow structure only near the orbit plane of a
hot exoplanet. Therefore, for simplicity, we will assume that all values depend only on the
radial coordinate r.

The stationary structure of the wind under such conditions is determined by the
continuity equation

1
r2

d
dr

(
r2ρvr

)
= 0, (1)

the equation of motion for the radial vr and azimuthal vϕ components of the velocity
vector v

vr
dvr

dr
− v2

ϕ

r
= −1

ρ

dP
dr

− GMs

r2 − Bϕ

4πρr
d
dr

(
rBϕ

)
, (2)

vr
dvϕ

dr
+

vrvϕ

r
=

Br

4πρr
d
dr

(
rBϕ

)
, (3)

the equation of induction
1
r

d
dr

(
rvrBϕ − rvϕBr

)
= 0 (4)

and the Maxwell equation (∇ · B = 0)

1
r2

d
dr

(
r2Br

)
= 0. (5)

Here, ρ represents the density, P is the pressure, G is the gravitational constant, and Ms is
the mass of the central star. Density, pressure, and temperature satisfy the equation of state
for an ideal polytropic gas,

P = Kκρκ =
2kB

mp
ρT, (6)

where Kκ is the constant, κ is the polytropic index, kB is the Boltzmann constant, and mp
is the proton mass. The average molecular weight of the wind matter is considered to be
equal to 1/2, which corresponds to a fully ionized hydrogen plasma consisting only of
electrons and protons.

From the Maxwell Equation (5), we find

r2Br = BsR2
s , (7)

where Rs is the radius of the star, and Bs is the magnitude of field at the star surface.
From the continuity Equation (1), we can obtain an integral of motion corresponding to the
law of mass conservation,

4πr2ρvr = Ṁs, (8)
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where the integration constant Ṁs determines the mass loss rate by star due to the outflow
of matter in the form of a stellar wind. The Equation (2) can be rewritten as:

d
dr

(
v2

r
2

+
c2

s
κ − 1

− GMs

r
+

B2
ϕ

4πρ

)
− v2

ϕ

r
− rBϕ

d
dr

(
Bϕ

4πρr

)
= 0, (9)

where the square of the speed of sound

c2
s =

κP
ρ

= κKκρκ−1. (10)

We can multiply the Equation (3) by vϕ and divide by vr. Then, it can be represented as:

d
dr

(
v2

ϕ

2
− BrB2

ϕvϕ

4πρvr

)
+

v2
ϕ

r
+ rBϕ

d
dr

(
Brvϕ

4πρrvr

)
= 0. (11)

Summing the Equations (9) and (11), we find:

d
dr

(
v2

r
2

+
v2

ϕ

2
+

c2
s

κ − 1
− GMs

r
+

B2
ϕ

4πρ
− BrB2

ϕvϕ

4πρvr

)

+rBϕ
d
dr

(
Brvϕ

4πρrvr
− Bϕ

4πρr

)
= 0.

(12)

The last term on the left side of this equation turns to zero, because

d
dr

(
Brvϕ

4πρrvr
− Bϕ

4πρr

)
=

1
Ṁs

d
dr

(
rBrvϕ − rBϕvr

)
= 0. (13)

Here, we used the law of conservation of mass (8) and the equation of induction (4).
This circumstance allows us to derive the integral of motion corresponding to the law of
energy conservation,

v2
r

2
+

v2
ϕ

2
+

c2
s

κ − 1
− GMs

r
+

B2
ϕ

4πρ
− BrBϕvϕ

4πρvr
= Qs, (14)

where the constant Qs determines the density of energy flux in the stellar wind, the value
of which is ṀsQs.

Note that, from (7) and (8) follows

Br

4πρvr
=

BsR2
s

Ṁs
= const. (15)

This circumstance allows from the Equations (3) and (4) to find two another integrals
of motion:

rvϕ − Br

4πρvr
rBϕ = L, (16)

rvrBϕ − rvϕBr = F. (17)

The first integral determines the law of conservation of angular momentum. The second
integral is related to the vertical component of the electric field Eθ , since it is obvious that
F = cEθr, where c is the speed of light. For the convenience of further calculations, we
introduce the following notation:

ar =
Br√
4πρ

, aϕ =
Bϕ√
4πρ

. (18)
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Then, from Equations (16) and (17), it can be obtained that:

(
v2

r − a2
r

)
vϕ =

1
r

(
v2

r L +
arF√
4πρ

)
, (19)

(
v2

r − a2
r

)
aϕ =

vr

r

(
arL +

F√
4πρ

)
. (20)

The value of the constant F in the last integral of motion (17) can be found from the
boundary conditions at some point r = r0. However, in the reference frame rotating with
the Sun, the value of this constant should be equal to zero. This is due to the fact that,
in this frame of reference, the vector of the magnetic field B′ must be collinear with the
velocity vector v′ of the ideally conducting wind plasma: v′ × B′ = 0. For non-relativistic
motion, the magnetic field B′ = B, and the velocity

v′r = vr, v′ϕ = vϕ − Ωsr, (21)

where Ωs is the angular velocity of the proper rotation of the star. Therefore,

F = −Ωsr2Br = −ΩsR2
s Bs. (22)

Substituting the expression (22) into the Equations (19) and (20), we find:

(
v2

r − a2
r

)
vϕ =

1
r

(
v2

r L − a2
r Ωsr2

)
, (23)

(
v2

r − a2
r

)
aϕ =

vrar

r

(
L − Ωsr2

)
. (24)

In the obtained expressions, there is a singularity at some point r = rA, where the
radial wind velocity vr becomes equal to the Alfvén one

uA = |ar| = |Br|√
4πρ

, (25)

that corresponding to the radial component of magnetic field Br. Let us call this special
point as a Alfvén point. Near the surface of the star, the radial wind velocity vr should be less
than the Alfvén one uA. At large distances, the radial velocity vr, on the contrary, exceeds
the Alfvén one uA. At the Alfvén point r = rA, there is a transition from the sub-Alfvén flow
regime to the super-Alfvén one. Therefore, the region r < rA can be called the sub-Alfvén
zone of the stellar wind, and the region r > rA, respectively, the super-Alfvén zone.

The azimuthal components of the velocity vϕ and the magnetic field Bϕ in the
expressions (23) and (24) must remain continuous at the Alfvén point. Therefore, in order
to satisfy this condition, it is necessary to set the value of the integration constant

L = Ωsr2
A. (26)

As a result, we find the final solution

vϕ =
Ωs

r
v2

r r2
A − a2

r r2

v2
r − a2

r
, (27)

aϕ =
Ωs

r
vrar

r2
A − r2

v2
r − a2

r
. (28)
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Let us introduce the Alfvén Mach number for the radial components of the velocity
and the magnetic field,

λ =

√
4πρvr

Br
. (29)

It is not difficult to make sure that

λ2 =
vrr2

vAr2
A
=

ρA
ρ

, (30)

where vA and ρA are the values of the radial velocity and wind density at the Alfvén point.
For numerical modeling, a convenient record of expressions for the azimuthal components
of the velocity and magnetic field are

vϕ = Ωsr
1 − λ2r2

A/r2

1 − λ2 , (31)

Bϕ = Br
Ωsr
vr

λ2 1 − r2
A/r2

1 − λ2 . (32)

Note that in the sub-Alfvén zone of the stellar wind λ < 1, while in the super-Alfvén
zone λ > 1. At the Alfvén point, λ = 1. The obtained relations, considering the inte-
grals of mass (8) and energy (14), allow us to algebraically find the distributions of all
magnetohydrodynamic quantities describing the wind structure.

2.2. Method of Solution

From the Equations (1)–(5) using simple manipulations, it can be derived that

(
v2

r − u2
S

)(
v2

r − u2
F

) r
vr

dvr

dr
=

(
v2

r − a2
r

)(
2c2

s + v2
ϕ − GMs

r

)
+ 2vrvϕaraϕ, (33)

where

u2
S,F =

1
2

[
c2

s + a2 ∓
√
(c2

s + a2)2 − 4c2
s u2

A

]
, (34)

a2 = a2
r + a2

ϕ. (35)

The quantities uS and uF determine the values of slow and fast magnetosonic velocities,
respectively. It can be seen from the Equation (33) that there are two special points in the
solution: slow magnetosonic r = rS, in which the speed vr = uS, and fast magnetosonic r = rF,
in which the speed vr = uF. At these points, the coefficient for the derivative dvr/dr turns
to zero. In order for the solution to remain smooth, the right side of the Equation (33)
at these points must also vanish. However, as we saw above, the Alfvén point r = rA,
in which the wind speed vr = uA, is also a solution critical point. This circumstance can be
expressed directly by substituting the relations (27) and (33) into the Equation (28). As a
result, we find:

(
v2

r − u2
A

)2(
v2

r − u2
S

)(
v2

r − u2
F

) r
vr

dvr

dr
=

(
v2

r − u2
A

)3
(

2c2
s −

GMs

r

)

+
Ω2

s
r2

(
v2

r r2
A − u2

Ar2
)(

v4
r r2

A + u4
Ar2 − 3v2

r u2
Ar2 + v2

r u2
Ar2

A

)
.

(36)

Further, we have(
v2

r − u2
S

)(
v2

r − u2
F

)
= v4

r − (c2
s + u2

A)v
2
r + c2

s u2
A − a2

ϕv2
r

=
(

v2
r − c2

s

)(
v2

r − u2
A

)
− a2

ϕv2
r .

(37)
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Therefore, considering (28)

(
v2

r − u2
A

)2(
v2

r − u2
S

)(
v2

r − u2
F

)
=

(
v2

r − c2
s

)(
v2

r − u2
A

)3 − Ω2
s

r2 v4
r u2

A(r
2
A − r2)2. (38)

Now, the equation for the radial velocity (33) can be written as:

[(
v2

r − c2
s

)(
v2

r − u2
A

)3 − Ω2
s

r2 v4
r u2

A(r
2
A − r2)2

]
r
vr

dvr

dr

=
(

v2
r − u2

A

)3
(

2c2
s −

GMs

r

)

+
Ω2

s
r2

(
v2

r r2
A − u2

Ar2
)(

v4
r r2

A + u4
Ar2 − 3v2

r u2
Ar2 + v2

r u2
Ar2

A

)
.

(39)

It is known from observations that in the solar wind, the radial velocity monotonically
increases with the distance from the Sun. Therefore, we are interested in a solution with an
accelerating wind, when the radial velocity gradient has a positive value at any distance
from the star, dvr/dr > 0. This means that in the Equation (33), the coefficient for the
derivative in the left part must change sign simultaneously with the right part.

Let us study the asymptotic behavior of the solution of interest to us at small distances
in the limit at r → 0. Suppose that the radial velocity changes in this case according to the
power law vr = Arσ, where A is a certain coefficient. Consider the case when the radial
velocity vr is much smaller than any of the characteristic velocities uS, uF and uA. Then,
the coefficient for the derivative on the left side of the Equation is (33)(

v2
r − u2

S

)(
v2

r − u2
F

)
= u2

Su2
F = c2

s u2
A. (40)

From the relations (27) and (28) at our limit, we find

vϕ = Ωsr, aϕ = −ar
Ωsr
vA

. (41)

It follows that the right-hand side of the Equation (33) is approximately equal to

u2
A

GMs

r
− 2vru2

A
Ω2

s r2

vA
≈ u2

A
GMs

r
. (42)

As a result, neglecting non-essential terms, we come to the equation:

c2
s

r
vr

dvr

dr
=

GMs

r
. (43)

Taking into account the law of mass conservation (8) and the expression for the speed of
sound (10), we find the values of constants

σ =
3 − 2κ

κ − 1
, A =

Ṁs

4π

[
3 − 2κ

κ − 1
κKκ

GMs

] 1
κ−1

. (44)

Since in such a solution the index of σ must be positive, then the index of polytrope κ < 3/2.
Thus, the solution with an accelerating wind (a positive value of the radial velocity gradient,
dvr/dr > 0) is realized only in the case of polytropic index κ < 3/2. This value is less than
the adiabatic index γ = 5/3. Therefore, effective sources of heating must be present in the
stellar wind.
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In fact, the entropy of an ideal gas s = cV ln(P/ργ), where cV is the specific heat
capacity at a constant volume. Therefore, the full derivative

ds
dt

= cV

(
d
dt

ln P − γ
d
dt

ln ρ

)
. (45)

Taking into account the polytropic equation of state (6), we can write

T
ds
dt

= −cV T(γ − κ)
1
ρ

dρ

dt
. (46)

The expression on the right-hand side of this equation determines the heating function
Γ. Since the specific internal energy of an ideal gas ε = cV T, then using the continuity
Equation (1), we obtain:

Γ = (γ − κ)ε
1
r2

d
dr

(r2vr). (47)

We can see that in the case of an accelerating wind (dvr/dr > 0) and κ < γ this value is
positive. Effective heating in the solar wind is determined by the fundamental driving
mechanism. An overview of possible wind driving mechanisms for stars of various types
can be found in [61].

As boundary conditions in our wind model, we will use the values of density ρ0,
radial velocity v0 and temperature T0 at some point r0. Using these values, we can calculate
the speed of sound

c0 =

√
2kBT0

mp
(48)

and the integration constant
Ṁs = 4πr2

0ρ0v0. (49)

The last expression follows from the law of mass conservation (8). The value of polytropic
index κ, which lies in the range 1 < κ < 3/2, is considered as unknown. Its specific value
must be such that the boundary conditions are satisfied.

The law of mass conservation (8) also implies the relation

Ṁs = 4πr2
AρAvA. (50)

We find from here

ρA =
1

4π

(
Ṁs

r2
0B0

)2

, (51)

where by

B0 = Bs

(
Rs

r0

)2
(52)

the value of the radial magnetic field at the point r0 is indicated. We introduce dimension-
less quantities xA = rA/r0 and yA = vA/v0. It is not difficult to verify that they satisfy
the relation

yA =
β

x2
A

, (53)

where is the dimensionless parameter

β =
ρ0

ρA
=

B0

v0
√

4πρA
. (54)

To solve the equations describing the wind structure, it is convenient to rewrite them
in a dimensionless form. To do this, we denote the dimensionless variables ξ = r/rA and
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η = vr/vA. In this case, the Alfvén Mach number (29) turns out to be equal to λ = ξ
√

η.
In addition, we denote

z =

(
ρ

ρ0

) κ−1
2

=
(

βλ2
) 1−κ

2 . (55)

In dimensionless variables, the Equation (33) takes the form

ξ

η

dη

dξ
=

Y
X

, (56)

where
X = (λ2 − 1)3

(
y2

Aη2 − αz2
)

ξ2 − ωλ4x2
A(ξ

2 − 1)2, (57)

Y = (λ2 − 1)3
(

2αξz2 − μ

xA

)
ξ + ωx2

A(λ
2 − ξ2)

(
λ4 − 3λ2ξ2 + λ2 + ξ2

)
, (58)

α =
c2

0
v2

0
, μ =

GMs

r0v2
0

, ω =
Ω2

s r2
0

v2
0

. (59)

As was noted above, the slow magnetosonic (ξ = ξS, η = ηS) and fast magnetosonic
(ξ = ξF, η = ηF) points are critical solution points. However, the Alfvén point (ξ = 1,
η = 1) is also critical, since in it the values X and Y also simultaneously turn to zero.

The expression determining the conservation of energy (14) in dimensionless variables
can be written as follows:

Z =
y2

Aη2

2
+

αz2

κ − 1
− μ

xAξ
+

ωx2
A

2ξ2(λ2 − 1)2

[
λ4 + (2λ2 − 1)(ξ2 − 2)ξ2

]
− q = 0, (60)

where it is denoted
q =

Qs

v2
0

. (61)

At the point r0 we have ξ0 = 1/xA, η0 = 1/yA, λ0 = 1/
√

β, z0 = 1. Therefore, at this
point, Equation (60) takes the form:

Z0 =
1
2
+

α

κ − 1
− μ +

ω

2(λ2
0 − 1)2

[
λ4

0x4
A + (2λ2

0 − 1)(1 − 2x2
A)

]
− q = 0. (62)

We will use ξS, ηS, ξF, ηF, xA, q and κ as unknown quantities in solving the problem.
In total, we have 7 unknowns. The system includes four equations X = 0, Y = 0 at
the points ξS and ξF, two Equation (60) written at the points ξS and ξF, as well as the
Equation (62). This system of non-linear algebraic equations can be solved numerically
by iterations. The algorithm for constructing the solution is as follows. First, we numer-
ically solve the system of equations for the wind parameters ξS, ηS, ξF, ηF, xA, q and
κ. After these parameters are determined, for each value of ξ, we numerically solve the
Equation (60) and find the dependence η(ξ) corresponding to the curve passing through
all three critical points.

2.3. Calculation Example

Let us consider the results of a demonstration calculation of the stellar wind structure.
The model parameters were the values of density n0 = 1400 cm−3, velocity v0 = 130 km/s,
and temperature T0 = 7.3× 105 K at a distance of r0 = 10R� from the star [62]. For example,
let us take a typical hot Jupiter HD 209458b, which is used in our numerical simulations
described below. The host star is characterized by the following parameters: spectral
class G0, mass Ms = 1.1M�, and radius Rs = 1.2R�. The period of star proper rotation
Prot = 14.4 days, which corresponds to the angular velocity Ωs = 5.05 × 10−6 s−1 or the
linear velocity at the equator vrot = 4.2 km/s.
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The major semi-axis of the planet orbit A = 10.2R�, which is close to the selected
boundary point r0 and corresponds to the period of rotation around the star Porb = 84.6 h.
The magnetic field at the stellar surface was set to Bs = 0.5 G, which approximately
corresponds to the value of average magnetic field at the surface of the Sun in a quiet state
B� = 1 G, if we compare the corresponding magnetic fluxes, BsR2

s ≈ B�R2�.
It should be noted that the parameter Bs corresponds to the average value of magnetic

field on the star surface only formally. The solution under consideration is valid only in
the heliospheric area (see Figure 1). In the corona region, the star intrinsic magnetic field
plays a decisive role. Therefore, strictly speaking, the value of Bs is obtained from the
average value of the radial magnetic field Bc at the corona boundary r = Rc, recalculated
by considering the conservation of the magnetic flux by the star radius, BsR2

s = BcR2
c .

On the other hand, it is known that the magnetic fields of solar-type stars can lie in the
range from about 0.1 to several Gauss [63,64]. In addition, the host stars for hot Jupiters
can be not only of the solar type, since their spectral classes lie in the wide range from
class F to class M. In addition to the radial component, the azimuthal component of the
magnetic field is also present in the stellar wind, which is due to the star proper rotation.
The angular velocity of the star proper rotation Ωs, in turn, also depends on the spectral
class [64]. These remarks significantly expand the set of possible models of the stellar wind
in vicinity of hot Jupiters.

Hence, the following parameter values are obtained: mass loss rate Ṁs = 1.85 × 1011 g/s
= 2.94 × 10−15 M�/year, density at the Alfvén point ρA = 2.25 × 10−22 g/cm3, dimension-
less parameters α = 0.713, β = 10.424, μ = 1.241, ω = 0.0725. Note that the magnitude
of the mass loss rate of the star Ṁs in our stellar wind model is only one of its parameters.
It does not coincide with the real mass loss rate, since we solved the problem only in the plane
of planet orbit. The real wind does not have spherical symmetry, and therefore these values
can differ several times.

The results of calculations of the wind structure are shown in Figure 2. A family of
integral curves corresponding to different types of solutions is shown. Some of these curves
pass through the critical points, the positions of which are indicated by circles. In this
case, the Alfvén critical point in the plane of the variables ξ, η has coordinates (1, 1). As a
solution corresponding to the stellar wind, it is necessary to use an integral curve passing
through all three critical points. The corresponding curve in Figure 2 is shown as a bold line.

Figure 2. Integral curves corresponding to various types of solutions for the magnetohydrodynamic
stellar wind. Critical points are shown as circles. The Alfvén critical point has coordinates (1, 1).
The bold line corresponds to the solution passing through all three critical points. The right diagram
shows the vicinity of the Alfvén point.
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The numerical solution of a system of non-linear algebraic equations describing the
stellar wind structure gives the following coordinates of magnetosonic singular points:
ξS = 0.328, ηS = 0.514, ξF = 1.067, ηF = 1.025. On the left panel of Figure 2, it can
be seen that a slow magnetosonic point is a critical point of the “saddle” type. The fast
magnetosonic point is located near the Alfvén point, the vicinity of which is shown on an
enlarged scale on the right panel of Figure 2.

It can be seen that a fast magnetosonic point is also a critical point of the “saddle” type.
The Alfvén critical point has a more complex topology, since it has a higher singularity
order. For the Alfvén point, the value xA = 2.511 is obtained, which corresponds to the
radius rA = 25.114R�. The polytropic index turned out to be κ = 1.055, and the parameter
q = 12.774. The polytropic index is close to unity. Therefore, the stellar wind in vicinity of
hot Jupiter can be considered almost iso-thermal. This result is in good agreement with
the observations.

It is known that, at short distances from the Sun (r < 15R�), the effective adiabatic
index γ = 1.1 [65,66]. At large distances r > 25R�, the effective adiabatic index can be
estimated by the value γ = 1.46 [67]. Since the orbits of hot Jupiters are located at close
distances from the host star in the region of wind acceleration r < 20R�, the wind structure
in vicinity of the planet is found to be almost iso-thermal with good accuracy.

The calculation results are shown in Figures 3 and 4. Figure 3 shows the distributions
of the radial velocity vr (solid line), the speed of sound cs, the Alfvén velocity uA, as well
as the slow uS and fast uF magnetosonic velocities depending on the radius r. The fast
magnetosonic point is located close to the Alfvén point, slightly exceeding it. The slow
magnetosonic point coincided with the sound point at which the radial wind speed vr = cs.
The latter circumstance is due to the fact that in this region, because of the small contri-
bution of the azimuthal component of the magnetic field, the slow magnetosonic velocity
uS ≈ min(uA, cs) = cs.

Figure 4 shows the radial profiles of the particle number density n(r), temperature
T(r), azimuthal velocity vϕ(r), as well as the radial Br(r) (dotted line) and azimuthal Bϕ(r)
(solid line) components of the magnetic field. The dependence vϕ(r) is non-monotonic.
The maximum values of the azimuthal velocity are reached approximately in the area of
the hot Jupiter’s location 13R�. However, the characteristic values of 15 km/s are small
compared to the radial velocity of 130 km/s.
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Figure 3. Distributions of the radial velocity vr (solid line), the speed of sound cs, the Alfvén velocity
uA, as well as the slow uS and fast uF magnetosonic velocities depending on the radius r.
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Figure 4. Particle number density profiles n(r) (top left), temperature profiles T(r) (top right),
azimuthal velocity vϕ(r) (bottom left), as well as the radial Br(r) (dotted line) and azimuthal Bϕ(r)
(solid line) components of the magnetic field (bottom right).

3. Multi-Component Magnetic Hydrodynamics

Let us consider an approximation of multi-component (multi-fluid) magnetic hydro-
dynamics, which uses equations for mass quantities, the induction equation, as well as
the continuity equations for individual plasma components. The individual components
(electrons, ions, and neutrals of various kinds) of plasma will be marked with the index s.
Denote by v the average mass velocity of matter. Then, the continuity equations for each
component of the kind s can be written as:

∂ρs

∂t
+∇ · (ρsv) = Ds + Ss. (63)

where ρs is the density of the component s, the value

Ds = ∇ · (ρsws) (64)

determines diffusion, ws = v − vs is the diffusion velocities. The last term in the right hand
side of (63) takes into account the source function, which describes changes in the number
of particles of the kind s due to chemical reactions, as well as the processes of dissociation,
ionization, and recombination. For the total density

ρ = ∑
s

ρs (65)

due to the conditions
∑

s
ρsws = 0, ∑

s
Ss = 0, (66)

we have the usual continuity equation,

∂ρ

∂t
+∇ · (ρv) = 0. (67)
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Let us introduce the values ξs that describe the mass fraction of the component s and
satisfy the relations:

ρs = ξsρ, ∑
s

ξs = 1. (68)

Then, from the Equation (63), we can find

∂

∂t
(ρξs) +∇ · (ρξsv) = Ds + Ss. (69)

Note that one of the values ξs can be excluded, since it can always be expressed in terms of
the others using conditions (68). It is convenient to consider electrons as such a component.
We will use a separate index for it, and, for the other components, we assume that s runs
through the values from 1 to N. Therefore, all values ξs can be considered independent.
The mass fraction of electrons in this case is equal to

ξe = 1 − ∑
s

ξs. (70)

Since the mass of electrons is much smaller than the mass of ions and neutrals, ξe turns out
to be a value close to zero.

The equations of motion and energy for mass quantities can be written in the
following form:

ρ

[
∂v
∂t

+ (v · ∇)v
]
+∇P +

B ×∇× B
4π

= ρ f − Dv, (71)

ρ

[
∂ε

∂t
+ (v · ∇)ε

]
+ P∇ · v = Dε + ρQ, (72)

where P is the pressure, B is the magnetic field, f is the specific external force, the values

Dv = ∑
s
∇ · (ρswsws), (73)

Dε = ∑
s
[∇ · (ρsεsws) + Ps∇ · ws] (74)

are determined by the diffusion velocities ws, and the value of Q describes the heating–
cooling sources. In the expression (74), the notations Ps and εs are used for the partial
pressures and specific internal energies of the components. To these equations, we should
add the induction equation describing the evolution of the magnetic field,

∂B
∂t

−∇× (v × B) = −∇× (η ∇× B) +∇× (vD × B). (75)

Here, the first term in the right hand side describes the ohmic diffusion of the magnetic
field, where η is the corresponding magnetic viscosity. The second term determines the
effect of ambipolar diffusion occurring in an incompletely ionized plasma. The vector vD
represents the speed of ambipolar diffusion. Our numerical code takes into account the
effects caused by both magnetic viscosity and ambipolar diffusion. However, in this paper
we do not consider them, and we will assume that the values η = 0, vD = 0.

The density ρ, pressure P, internal energy ε, and temperature T satisfy the equation of
state for an ideal gas

P =
kB

μmp
ρT, ε =

kBT
μmp(γ − 1)

, (76)
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where kB is the Boltzmann constant, mp is the proton mass, γ is the adiabatic index.
The average molecular weight μ is determined by the expression ρ = μmpn, where n is the
total number density. Let us write down the condition of quasi-neutrality of plasma

− ene + ∑
s

esns = 0, (77)

where e is the elementary charge, ne is the electron number density, es is the charge of
particles of the kind s, and ns is the number density of the component s. Hence, the number
density of electrons

ne = ∑
s

Zsns, (78)

where Zs = es/e is the charge number of particles of the kind s (for neutrals it is zero).
Taking into account this expression, we find

1
μmp

= ∑
s
(1 + Zs)

ξs

ms
, (79)

where ms is the mass of particles of the kind s.
The numerical method we use to solve the equations of multi-component magnetic

hydrodynamics is described in the Appendix A.

4. Model for Envelope of Hot Jupiter

4.1. Model Description

The structure and dynamics of plasma flow in the vicinity of hot Jupiter will be
described in the approximation of multi-component (multi-fluid) magnetic hydrodynam-
ics, which was discussed in the previous Section 3. In this approximation, it is possible,
in particular, to take into account the complex chemical composition of the extended en-
velope of hot Jupiter. It is convenient to explicitly distinguish the background magnetic
field [16,41,52,68,69], when the total magnetic field B is represented as a superposition of
the background magnetic field H and the magnetic field b induced by electrical currents in
plasma itself, B = H + b. This approach allows us to significantly minimize the numerical
errors that occur during arithmetic operations with large numbers, provides greater stabil-
ity of the scheme, and improves the quality of calculations in rarefied regions with a strong
magnetic field—for example, in the magnetosphere of hot Jupiter.

In our formulation of the problem, the background field is created by sources dis-
tributed inside the star (or, more precisely, inside the corona), as well as in the bowels of
the planet. Therefore, these sources are absent in the computational domain, and hence
the background field should satisfy the potentiality condition, ∇× H = 0. This allows it to
partially exclude from the equations of magnetic hydrodynamics [70,71].

In general case, the background magnetic field is not stationary, ∂H/∂t �= 0. However,
our model assumes that this property is possessed by the magnetic field of the planet. The
proper rotation of hot Jupiter, due to strong tidal interactions from a closely located host
star, turns out to be synchronized with the orbital rotation. As a result, the period of planet
rotation around its proper axis will be equal to its orbital period, and, consequently, a hot
Jupiter will always face the same side to its host star.

Therefore, in a rotating frame of reference associated with the orbital motion of the
planet, the orientation of its own magnetic field will not change over time. On the other
hand, the magnitude of field (for example, the magnetic moment) changes on much larger
time scales compared to the orbital period and, in our calculations, this change can be
ignored. The same comments can be made about the induced magnetic field of the planet.

As theoretical estimates show (see, e.g., [1,17]), a hydrodynamic approach is applicable
to describe the flow of matter near a typical hot Jupiter. This is due to the fact that the
extended envelope of hot Jupiter has a sufficiently high density and therefore, its matter is
not collision-less. In addition, due to the processes of thermal ionization and hard radiation
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of the host star, the upper atmosphere and the extended envelope of hot Jupiters consists
of almost fully ionized gas [21].

Taking into account the complex chemical composition of the extended envelope, this
makes it possible to use the multi-component magnetic hydrodynamics approximation.
On the other hand, the analysis of the characteristic collision frequencies [13,46,47,72] of
the components in the hydrogen–helium envelope of hot Jupiter allows us to neglect the
diffusion effects [48] with fairly good accuracy and assume that the average velocities
of all components are equal to the average mass velocity of matter, vs = v. We can also
assume that all the components are in thermodynamic equilibrium, and therefore their
temperatures are equal to the temperature of matter, Ts = T.

Considering the above circumstances, the equations of multi-component magnetic
hydrodynamics can be written as

∂ρ

∂t
+∇ · (ρv) = 0, (80)

∂v
∂t

+ (v · ∇)v = −∇P
ρ

− b ×∇× b
4πρ

− H ×∇× b
4πρ

+ f , (81)

∂b
∂t

= ∇× (v × b + v × H)− ∂H
∂t

, (82)

∂ε

∂t
+ (v · ∇)ε +

P
ρ
∇ · v = Q, (83)

∂

∂t
(ρξs) +∇ · (ρξsv) = Ss, s = 1, . . . , N. (84)

To close this system of equations, the equation of state for an ideal gas (76) with the
adiabatic index γ = 5/3 is used. In this paper, we focus on a more correct accounting
of the stellar wind. Therefore, in the simulations described below, we assumed that the
source functions Ss due to chemical reactions, processes of ionization, recombination and
dissociation of molecules, as well as the corresponding contributions to the heating function
Q are equal to zero. This implies that various plasma components that we considered
as passive admixtures transported together with the matter. In addition, for the same
reason, in this work, we did not take into account the effects of magnetic viscosity and
ambipolar diffusion.

We assume that the planet orbit is circular. Therefore, in a non-inertial reference frame
rotating together with a binary system with an angular velocity Ω, the locations of the star
and the planet centers do not change. In this case, the specific external force is determined
by the expression

f = −∇Φ − 2(Ω × v). (85)

Here, the first term on the right hand side describes the force due to the gradient of the
Roche potential

Φ = − GMs

|r − rs| −
GMp

|r − rp| −
1
2
[Ω × (r − rc)]

2, (86)

where Ms is the mass of the star, Mp is the mass of the planet, rs is the radius vector of
the star center, rp is the radius vector of the planet center, rc is the radius vector of the
center of mass of the system. The second term in the right hand side of (85) describes the
Coriolis force.

In this numerical model, the stellar wind is taken into account according to the same
scheme as for the purely gas-dynamic case [17]. However, this does not use a constant
value of the radial wind velocity but the profile vr(r) obtained from the wind model
(see Section 2). Profiles for the remaining values are calculated using this profile: ρ(r),
vϕ(r), Bϕ(r). This allows finding the wind parameters at any point r = (x, y, z) of the
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computational domain. At the same time, in a non-inertial reference frame, the magnetic
field of the wind does not change, and the wind velocity is recalculated using the formula

vw = uw − Ω × (r − rc), (87)

where uw is the wind velocity in the inertial reference frame. These distributions are used
to set initial conditions in the region occupied by the stellar wind, as well as to implement
boundary conditions. The wind model used assumes a polytropic equation of state (6).
The Equations (80)–(84) use the model of adiabatic magnetic hydrodynamics with the
adiabatic index γ. This means that, from the point of view of the adiabatic model, there
are effective heating processes in the stellar wind. In order to reconcile these two models,
the corresponding function (47) [25] is added to the energy Equation (83)

Qw = (γ − κ)εw∇ · vw, (88)

where εw is the specific internal energy of the wind matter. This takes into account the
expression (87) wind velocity divergence

∇ · vw = ∇ · uw =
1
r2

d
dr

(
r2vr

)
. (89)

Since the stellar wind accelerates (the velocity vr increases with the distance r from the
star), the divergence of its velocity turns out to be positive. Consequently, the function
Qw > 0.

4.2. Upper Atmosphere

At the initial moment of time, a spherically symmetric iso-thermal atmosphere was set
around the planet, the density distribution in which was determined from the hydrostatic
equilibrium condition:

ρ = ρa exp
[
− GMp

Rp AgasTa

(
1 − Rp

|r − rp|
)]

. (90)

Here, ρa is the density at the photometric radius of hot Jupiter Rp, Ta is the atmospheric
temperature, Agas = kB/(μmp) is the gas constant, μ is the average molecular weight.
A similar expression can be written for the pressure P. For the hot Jupiter HD 209458b
dimensionless parameter,

η =
GMp

Rp AgasTa
= 10.3 μ

(
Ta

104 K

)−1
. (91)

The initial thickness of the atmosphere was determined from the pressure equilibrium
condition with the matter of the stellar wind. The total wind pressure

Ptot = Pw + ρwv2
w +

B2
w

8π
. (92)

Therefore, from the equality of pressure at the point of a frontal impact, we find the initial
radius of the atmosphere

Ra =

(
1 − 1

η
ln

Pa

Ptot

)−1
Rp. (93)

The value Ra is determined to a greater extent by the atmosphere parameters ρa and Ta and
to a lesser extent by the magnetic field of the wind Bw. In particular, the ratio between the
initial radius of the atmosphere Ra and the size of the Roche lobe of the planet determines
the type of extended envelope of the hot Jupiter (closed or open).
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We assume that the hydrogen–helium atmosphere of hot Jupiter has a homoge-
neous chemical composition. In any allocated volume of the atmosphere, the parameter
χ = [He/H], equal to the ratio of the helium nuclei number to the hydrogen one number,
remains constant. The following significant components of the atmosphere are taken into
account [16,73]: molecular hydrogen H2, atomic hydrogen H, ionized hydrogen H+, atomic
helium He, once ionized helium He+. The mass fraction of hydrogen X and helium Y are
determined by the expressions:

X =
ρ(H2) + ρ(H) + ρ(H+)

ρ
= ξ(H2) + ξ(H) + ξ(H+), (94)

Y =
ρ(He) + ρ(He+)

ρ
= ξ(He) + ξ(He+). (95)

From here, we can find: Y/X = 4χ. Taking into account the equality X + Y = 1, we find

X =
1

1 + 4χ
, Y =

4χ

1 + 4χ
. (96)

Let us consider the degree of hydrogen ionization x1, the degree of dissociation of
molecular hydrogen x2, and the degree of helium ionization x3,

x1 =
ρ(H+)

ρ(H+) + ρ(H)
, x2 =

ρ(H)

ρ(H) + ρ(H2)
, x3 =

ρ(He+)
ρ(He+) + ρ(He)

. (97)

Then, for the mass fractions of the components, it can be written:

ξ(H2) =
(1 − x1)(1 − x2)

1 − x1 + x2x2
X, (98)

ξ(H) =
(1 − x1)x2

1 − x1 + x2x2
X, (99)

ξ(H+) =
x1x2

1 − x1 + x2x2
X, (100)

ξ(He) = (1 − x3)Y, (101)

ξ(He+) = x3Y. (102)

Using these definitions, from the expression (79) for the average molecular weight, we find

1
μ
=

1
2

X
(

1 +
x2 + 2x1x2

1 + x1 − x1x2

)
+

1
4

Y(1 + x3). (103)

The total degree of ionization of atmospheric matter

ξ = ξ(H+) + ξ(He+) =
x1x2

1 − x1 + x1x2
X + x3Y. (104)

In the simulations of the flow structure in the vicinity of the hot Jupiter HD 209458b
given below, we set the following parameters of the chemical composition of the atmo-
sphere: χ = [He/H] = 0.05 [25], x1 = x2 = x3 = 0.9. From here, we find the mass fraction
of hydrogen X = 0.83 and helium Y = 0.17. These parameters correspond to the mass
fractions of the components ξ(H2) = 0.009, ξ(H) = 0.08, ξ(H+) = 0.74, ξ(He) = 0.02,
ξ(He+) = 0.15. At the same time, the average molecular weight of the atmospheric matter
is μ = 0.69, and the total degree of ionization is ξ = 0.89.
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The boundary conditions (density ρa, temperature Ta and velocity va) at the photomet-
ric radius were set based on the results of calculations carried out within the framework of
one-dimensional aeronomic models considering supra-thermal particles [16,73]. Therefore,
in a certain sense, our numerical model is hybrid. It follows from aeronomic calculations
that a planetary wind is formed in the upper atmosphere of hot Jupiter under the influence
of star hard radiation, which determines the mass loss rate Ṁa ≈ 109–1010 g/s. Taking into
account the expression Ṁa = 4πR2

pρava from here, we can find the speed of atmospheric
outflow va at the photometric radius.

4.3. Magnetic Field

The background magnetic field can be set as a superposition of several separate fields:

H = Hs + Hw + Hp + Ha. (105)

Here, Hs describes the proper field of the star, Hw is determined by the wind field, Hp
is the proper field of the planet, and Ha is determined by the field of atmosphere. Let us
characterize the contribution of each term.

As noted in Section 2, the proper magnetic field of the star Hs plays a significant role
in the corona region. Therefore, if the planet orbit is located in the heliospheric region,
then this field can be neglected. The main role in this zone is played by the wind field.
The magnetic field of the host star should be taken into account when the planet orbit is
located near the outer boundary of the corona or even inside it. Currently, hot Jupiters of
this type are observed and in some papers (see, for example, [51]) the field of the star was
taken into account explicitly. In our work, we consider the hot Jupiter HD 209458b, whose
orbit is located in the heliospheric region. This allows us to neglect the proper field of the
host star in the calculations.

The wind magnetic field, which is determined from the model described in Section 2,
does not make sense to include (105) entirely in the background field. The fact is that
the total magnetic field of the wind Bw does not satisfy the condition of potentiality,
∇× Bw �= 0, since the rotor of the magnetic field just determines the electromagnetic force
affecting the dynamics of the wind plasma. However, the radial magnetic field of the wind
BR can be included in the background field. On the one hand, this field, as it is easy to
see, satisfies the condition of potentiality. On the other hand, in the vicinity of hot Jupiter,
located close to the host star, the radial component of the magnetic field dominates in the
wind plasma, since the ratio Bϕ/br is small in absolute value (see Figure 4). Taking into
account the assumed spherical symmetry of the stellar wind, we obtain (see Section 2)

Hw =
BsR2

s
|r − rs|2 ns, (106)

where the unit vector ns = (r − rs)/|r − rs| determines the direction from the center of star
rs to the observation point r.

In our numerical model, we assume that the intrinsic magnetic field of hot Jupiter is
purely dipole,

Hp =
μp

|r − rp|3
[
3(dp · np)np − dp

]
, (107)

where μp is the magnetic moment of the planet, np = (r − rp)/|r − rp|, dp is a unit
vector directed along the magnetic axis and determining the vector of magnetic moment
μp = μpdp. In our calculations, we assumed the value of magnetic moment of the hot
Jupiter HD 209458b to be μp = 0.1μJ. The orientation of magnetic dipole was determined
by the angles θ and φ, which were used as model parameters. The components of the unit
vector dp directed along the magnetic axis in the Cartesian coordinate system are described
by the expressions:

dp = (sin θ cos φ, sin θ sin φ, cos θ). (108)
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At the same time, we assumed that the proper rotation of the planet is synchronized with
the orbital one, and the axes of proper and orbital rotation are collinear.

For hot Jupiters, the magnetic field induced in the upper atmosphere and the extended
envelope seems to play an important role. Since plasma is almost completely ionized in this
region, any movements in it lead to the appearance of electric currents and, consequently,
to the generation of the magnetic field. This field, in particular, can arise due to zonal
currents in the upper atmosphere caused by uneven heating from the radiation of the host
star [39]. On the other hand, due to its close location to the host star, a quite strong magnetic
field can arise in the upper atmosphere of hot Jupiter, induced by currents shielding the
magnetic field of the stellar wind [40]. The configuration of induced magnetic field is
such that inside the atmosphere it completely compensates for the magnetic field of the
wind, and outside it is dipole. Therefore, in the region beyond the initial atmosphere, we
can write

Ha =
μa

|r − rp|3
[
3(da · np)np − da

]
, (109)

where the corresponding magnetic moment μa = R3
aBw/2, and the unit vector da = −Bw/Bw

is directed against the vector Bw. The magnitude of induced magnetic moment μa de-
pends on the initial radius of the atmosphere Ra and the wind field Bw in the orbit of
the planet. If we take an average field of the star Bs = 0.5 Gs, then, for the characteristic
dimensions of the atmosphere Ra = (4–5)Rp, we can obtain the values of magnetic moment
μa = (0.05–0.2)μJ. In other words, in order of magnitude, the induced magnetic moment
μa turns out to be equal to the intrinsic magnetic moment μp of the hot Jupiter. Note that
the induced magnetic field Ha is completely determined by the wind field Bw. There-
fore, the structure of induced field (in particular, the vector of induced magnetic moment
μa = μada) will track the direction to the star when the planet moves along its orbit.

As noted above, in a non-inertial reference frame rotating together with a binary
system consisting of a star and a planet, the magnetic fields Hp and Ha are stationary,
∂Hp/∂t = 0, ∂Ha/∂t = 0. The proper field of a star, on the contrary, is non-stationary,
∂Hs/∂t �= 0, since it rotates together with the star at the angular velocity Ωs −Ω. The radial
component of the wind magnetic field Hw is also rigidly associated with the star. In this
case, it can be assumed that the field lines velocity of the radial magnetic field in a non-
inertial reference frame is equal to

vs = −Ω × (r − rs), (110)

since the azimuthal component of the field, due to the proper rotation of the star Ωs, has
already been taken into account in the vector b. The change in the magnetic field Hw in
time is determined by the equation

∂Hw

∂t
= ∇× (vs × Hw). (111)

Substituting the expressions (106) and (110) here, it is not difficult to verify by direct
calculations that the right hand side of this equation vanishes due to the spherical symmetry
of the field Hw. Consequently, the left hand side should also be equal to zero, ∂Hw/∂t = 0.
Thus, in our model, the total background magnetic field (105) turns out to be stationary,
∂H/∂t = 0.

4.4. Numerical Method

To numerically solve the equations of multi-component magnetic hydrodynam-
ics (80)–(84), we use a combination of difference schemes of Roe (see Section 3) and
Lax–Friedrichs [74,75]. The solution algorithm consists of several successive stages result-
ing from the application of the splitting method by physical processes. Suppose that we
know the distribution of all values on the computational mesh at the moment of time t.
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Then, to obtain the values at the next time moment t + Δt, we decompose the complete
system of Equations (80)–(84) into two subsystems.

The first subsystem corresponds to the equations of ideal multi-component mag-
netic hydrodynamics with intrinsic magnetic field b of plasma without considering the
background magnetic field H:

∂ρ

∂t
+∇ · (ρv) = 0, (112)

∂v
∂t

+ (v · ∇)v = −∇P
ρ

− b ×∇× b
4πρ

+ f , (113)

∂b
∂t

= ∇× (v × b), (114)

∂ε

∂t
+ (v · ∇)ε +

P
ρ
∇ · v = Q, (115)

∂

∂t
(ρξs) +∇ · (ρξsv) = 0, s = 1, . . . , N. (116)

In our numerical model, a method based on Roe’s scheme was used to solve this system
(see Appendix A).

The second subsystem corresponds to considering the influence of the background field:

∂v
∂t

= −H ×∇× b
4πρ

, (117)

∂b
∂t

= ∇× (v × H). (118)

The first equation in this subsystem describes the influence of the electromagnetic force
caused by the background field, and the second equation does the generation of a magnetic
field. At the same time, it is assumed that at this stage of the algorithm, the density ρ and the
specific internal energy ε do not change. To solve the second subsystem, the Lax–Friedrichs
scheme was used with increasing TVD (total variation diminishing) corrections [68].

To clear the divergence of the magnetic field b, we used the method of the generalized
Lagrange multiplier [76]. The choice of this method is due to the fact that the flow in
vicinity of hot Jupiter is essentially non-stationary, especially in the flow on the night side
forming the magnetospheric tail.

5. Results of Simulations

5.1. Model Parameters

As an object of study, we use a typical hot Jupiter HD 209458b, which has the mass
Mp = 0.71MJ and the photometric radius Rp = 1.38RJ, where MJ and RJ is the mass and
radius of Jupiter. The host star is characterized by the following parameters: spectral
class G0, mass Ms = 1.1M�, radius Rs = 1.2R�. The period of proper rotation of the star
Prot = 14.4 days, which corresponds to the angular velocity Ωs = 5.05 × 10−6 s−1 or linear
velocity at the equator vrot = 4.2 km/s. The major semi-axis of the planet orbit A = 10.2R�,
which corresponds to the period of revolution around the star Porb = 84.6 h.

In the simulations, the temperature of atmosphere Ta is varied, while the particle
number density at the photometric radius was set equal to a fixed value na = 1010 cm−3.
The atmospheric outflow rate Ṁa = 109 g/s corresponds to the velocity of the planetary
wind at the photometric radius va = 78 cm/s. The values of these parameters correspond
to the results obtained in aeronomic models for atmospheres of hot Jupiters [12,14–16,48,73].
We assumed that the magnitude of the magnetic moment μp of the planet is 0.1 of the
magnetic moment of Jupiter, and the orientation of magnetic dipole axis (108) is determined
by the angle values θ = 90◦ and ϕ = 60◦.
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At the same time, as already mentioned above, we believed that the proper rotation of
the planet is synchronized with the orbital one, and the axes of proper and orbital rotations
are collinear. The average magnetic field at stellar surface Bs in various models was set to
0.01 G (weak field), 0.2 G (medium field), and 0.5 G (strong field). These values are in the
physically acceptable range (see, e.g., [63]).

Figure 5 shows the distributions of the radial wind velocity vr (left panel) and the
heating function Qw, which is determined by the Equation (88) (right panel), for all three
cases of values Bs. The characteristic value of the heating function in the vicinity of the
planet Qw = 5 × 109 erg·g−1·s−1. In this case, the maximum values of the heating function
are reached at distances of approximately 4R� from the star center.
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Figure 5. Distributions of the radial wind velocity vr (left) and the heating function Qw (88) (right)
for the magnetic field values at the stellar surface Bs used in simulations.

For numerical simulations, we used the Cartesian coordinate system (x, y, z) in a
non-inertial reference frame rotating together with the binary system “star–planet” around
the center of masses. The origin of the coordinate system was chosen at the planet center
rp = (0, 0, 0). The x axis was located along the line connecting the centers of the star
and the planet, while the center of the star was at the point rs = (−A, 0, 0). The y axis
was chosen so that its direction coincided with the direction of the orbital motion of the
planet. Finally, considering the selected orientations of the axes x and y, the third axis z
will coincide in the direction with the vector of the orbital angular velocity Ω.

In order to check the correctness of considering the complete wind model, we per-
formed separate numerical calculations of the flow structure in the region where the planet
is absent. To do this, it was enough to choose a computational domain symmetrically lo-
cated relative to the center of the star (i.e., in the vicinity of the point x = −2A). Calculation
results for cases of weak (Bs = 0.01 G) and strong (Bs = 0.5 G) magnetic field of the wind
are shown in Figures 6 and 7, respectively.

These figures show the distributions of density (color and iso-lines), velocity (ar-
rows) and magnetic field (solid lines) at the initial moment of time (left panels) and after
one orbital period (right panels). The density values are given in units of magnitude
ρw = 2.3 × 10−21 g/cm3, corresponding to the wind density at a distance of 10R� from the
center of the star. The dotted line shows the boundary of the Roche lobe. The star is located
to the right of the computational domain.
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Figure 6. Distributions of density (color), velocity (arrows) and magnetic field (lines) in the stellar
wind for the case when the magnetic field at the surface of the star Bs = 0.01 G at the initial time
(left) and after one orbital period (right). The dotted line shows the boundary of the Roche lobe.

Figure 7. The same as in Figure 6, but for the case, when the magnetic field at the stellar surface
Bs = 0.5 G.

The analysis of these figures allows us to conclude that during the time of order of the
orbital period, in the numerical model, the distributions of wind parameters for both the
case of weak and strong fields practically do not change. Small perturbations introduced
into the solution by boundary conditions are not essential for our purposes. Therefore, we
can assume that the accounting of the complete wind model is carried out correctly.

Figure 8 shows the initial distributions of density (color) and magnetic field (arrow
lines) in the vicinity of the planet for the case, when the temperature of the atmosphere
Ta = 6000 K. The left panel corresponds to the magnitude of the magnetic field at the
surface of the star Bs = 0.01 G (weak field), and the right panel does to the case for the
strong field Bs = 0.5 G. The dotted line again shows the boundary of the Roche lobe and
the white circle corresponds to the photometric radius of the planet. The star is located on
the left side. The radius of the atmosphere in the case of the strong field (right panel) is
smaller compared to the case of the weak field (left panel). This is due to the fact that an
increase in the field Bs leads to an increase in the total wind pressure (92) and, consequently,
to a decrease in the initial radius of the atmosphere (93).
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Figure 8. The initial distributions of density (color) and magnetic field (lines with arrows) for the
case, when the temperature of the atmosphere Ta = 6000 K, and the magnetic field at the stellar
surface Bs is 0.01 G (left) and 0.5 G (right). The dotted line shows the boundary of the Roche lobe.
The white circle corresponds to the photometric radius of the planet.

It can be noticed that the magnetic field is clearly divided into four zones. In the first
zone (above and below the planet in the figures), the magnetic field is characterized by
open force lines of the star, which begin at its surface and go to infinity. In the second zone
(to the right of the planet), the magnetic field is determined by the open force lines of the
planet. In the third zone (to the left of the planet), magnetic lines are common for the star
and the planet. They start at the surface of the star and finish at the surface of the planet,
forming a kind of magnetic “bridge” connecting the star with the planet and performing
orbital rotation with them together. Finally, the last zone consists of the closed lines of the
planet forming the inner part of the magnetosphere.

There are two neutral points in the orbital plane, in which, due to the superposition
of individual fields, the total induction vector B = 0 and therefore the direction of the
magnetic field becomes indeterminate. In space, the set of these neutral points forms a
certain line, the shape of which, in particular, is determined by the orientation parameters of
the magnetic axis of the planet. In case of a strong wind field (Figure 8, right panel) neutral
points and closed dipole lines are located in a more compact region around the planet.
When the stellar wind flows around the planet, a more complex flow pattern is formed
and the structure of the magnetic field is significantly distorted. However, in general,
the described topology (separation into magnetic zones and the presence of neutral points)
is preserved.

Below, we present the results of two blocks of numerical simulations. In the first
block, we set a weak field of the wind corresponding to the super-Alfvén regime of the
stellar wind flowing around hot Jupiter, and varied the temperature of the atmosphere.
This led to the formation of various types of super-Alfvén envelopes. In the second block,
with fixed atmospheric parameters, we varied the magnitude of the magnetic field of the
wind in order to trace how the envelope structure changes in this case. The parameters of
the models, as well as the flow characteristics, are presented in Table 1.
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Table 1. Parameters and characteristics of the models: Ta is the temperature of the upper atmosphere,
Bs is the magnetic field of the star, and Ṁp is the mass loss rate of the planet.

Model Ta, K Bs, G Flow Regime Envelope Type Ṁp, 109 g/s

1 5000 0.01 Super-Alfvénic Closed 1
2 5500 0.01 Super-Alfvénic Quasi-closed 1
3 6000 0.01 Super-Alfvénic Quasi-Opened 4
4 6500 0.01 Super-Alfvénic Opened 10
5 6500 0.2 Trans-Alfvénic Quasi-Opened 9
6 6500 0.5 Sub-Alfvénic Quasi-Opened 7

5.2. Super-Alfvén Flow Regime

This section presents the results of numerical simulation of the flow structure in
the vicinity of hot Jupiter for the case, when the magnetic field at the surface of the star
Bs = 0.01 G. The Alfvén Mach number (29) in the orbit of the planet is λ = 15.5. This
means that the planet is located in the super-Alfvén zone of the stellar wind. The total
Alfvén Mach number, considering the velocity of the orbital motion of the planet, λ = 23.2.
Therefore, in this case, the flow around of hot Jupiter by the stellar wind should occur in
the super-Alfvén regime.

Calculations were performed for four models differing in atmospheric temperature
values Ta (see Table 1). Namely, the temperature of atmosphere Ta was set equal to 5000 K
(model 1), 5500 K (model 2), 6000 K (model 3), 6500 K (model 4). The simulation was carried
out in the computational domain −30 ≤ x/Rp ≤ 30, −30 ≤ y/Rp ≤ 30, −15 ≤ z/Rp ≤ 15
with the number of cells 192 × 192 × 96.

The simulation results are demonstrated by Figure 9. The density distributions (color,
iso-lines), velocities (arrows) and magnetic field (lines) in the orbital plane are represented
on various panels of this figure. The density is expressed in units of wind density in
the vicinity of the planet ρw. The boundary of the Roche lobe is shown by a dotted line.
The planet is located in the center of the computational domain and is represented by
a light circle, the radius of which corresponds to the photometric one. All the solutions
obtained correspond to the time moment of the order of one third of the orbital period from
the beginning of the computation. During this period of time, a stable quasi-stationary
flow pattern is formed.

In all four calculation variants, as a result of the stellar wind flowing around, a wide
(on the order of several radii of the planet) hydrogen–helium turbulent plume is formed
at the night side of the planet. The interaction of the stellar wind with the envelope of
hot Jupiter leads to the appearance of bow shock wave. The position and shape of the
bow shock in this numerical model are slightly different from those we received in our
previous models [16,17,41,52,54–57,73]. This is due to a more correct consideration of wind
parameters. In the old model, wind velocity and temperature were considered as constants,
but in the new model they change in space.

In addition, we previously accelerated the wind by disabling the gravitational forces
of the star and the planet in the area occupied by the wind plasma. As a result, the flow
velocity increased and the shock wave pressed closer to the planet. In the new numerical
model, the flow velocity is calculated from the wind structure and as a result, the shock
wave moves further away from the planet. Another effect is due to the fact that the sound
point is located inside the computational domain at a distance of about 20 radii of the
planet towards the star (see Figure 3). Therefore, the lower left edge of the shock wave,
reaching this point, breaks off. This is clearly visible on the upper panels of Figure 9.

78



Universe 2021 , 7 , 422

Figure 9. Distributions of density (color, iso-lines), velocity (arrows) and magnetic field (lines) in the
orbital plane at a time moment approximately equal to a one third of the orbital period for models 1
(Ta = 5000 K, top left), 2 (Ta = 5500 K, top right), 3 (Ta = 6000 K, bottom left) and 4 (Ta = 6500 K,
bottom right). The density is expressed in units of ρw. The dotted line shows the border of the Roche
lobe. The white circle corresponds to the photometric radius of the planet.

In model 1 (Ta = 5000 K, upper left panel Figure 9) a compact envelope of hot Jupiter
is formed, except a relatively weak plume located inside the Roche lobe. The bow shock
has an almost spherical shape. According to the classification proposed in [17], such a flow
configuration corresponds to the closed envelope of hot Jupiter. In model 2 (Ta = 5500 K,
upper right panel Figure 9) a compact envelope of hot Jupiter is also forming. However,
in this case, there is a small cusp in the surface of contact discontinuity (envelope boundary)
directed towards the inner Lagrange point L1. Therefore, the outflow of matter from the
envelope occurs not only due to a turbulent plume forming at the night side, but also due
to a weak outflow from the day side of the planet. The shape of bow shock is also close to
spherical. An extended envelope of this type can be called quasi-closed. The mass loss rate
for these models Ṁp ≈ 109 g/s and determines by the outflow from the night side of the
planet (see the last column in Table 1).

A rather complex flow pattern is observed in model 3 (Ta = 6000 K, lower left panel
Figure 9) and model 4 (Ta = 6500 K, lower right panel Figure 9). In these models, two
powerful flows are formed from the vicinity of Lagrange points L1 and L2. The first stream,
as in the previous two models, begins at the night side and forms a wide turbulent plume
behind the planet. The second stream is formed at the day side, directed towards the star
and, therefore, moves against the wind due to the stellar gravity.

A stream of hydrogen–helium matter from the inner Lagrange point significantly
distorts the shape of the bow shock, while pushing it further away from the planet. We
can say that the shock wave consists of two separate parts, one of which arises around the
atmosphere of the planet, and the other arises around the stream from the inner Lagrange
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point L1. The flow of matter in the stream is directed against the wind and therefore the
Kelvin–Helmholtz instability develops along its surface.

In model 3, the flow has a lower intensity and it is largely deflected and blocked by the
stellar wind. Such an extended envelope can be called quasi-open. The corresponding mass
loss rate Ṁp ≈ 4 × 109 g/s and determines mainly by the outflow from inner Lagrange
point L1. Finally, in model 4, the intensity of the flow is so high that it does not stop under
impact of the stellar wind and continues to move away towards the star. This leads to a
significant loss of matter from the hot Jupiter envelope. We find that in this model the mass
loss rate Ṁp ≈ 1010 g/s. An extended envelope of this type can be called open.

Thus, in the new numerical model, all the previously discovered [17] types of extended
envelopes remain. However, their boundaries in the parameter space have shifted to the
region of lower densities and temperatures. This is mainly due to the fact that, in this
model, we take into account the chemical composition of the atmosphere.

5.3. Sub-Alfvén Flow Regime

In this section, we present the results of the second block of numerical simulations.
The temperature of atmosphere was set equal to Ta = 6500 K, which corresponds in the
case of a weak field (Bs = 0.01 G) to an open extended envelope under conditions of super-
Alfvén flow by the stellar wind (model 4 from the previous Section 5.2). In the second
block, calculations were performed for the cases Bs = 0.2 G (model 5) and Bs = 0.5 G
(model 6). The parameters of the computational domain and the mesh were used the same
as in the previous models 1–4. The results of the simulations are shown in Figure 10, which
shows the flow structure for these two variants at a time moment of about one third of the
orbital period from the beginning of computation.

Figure 10. Distributions of density (color, iso-lines), velocity (arrows), and magnetic field (lines) in
the orbital plane at a time moment approximately equal to one third of the orbital period for Model 5
(Bs = 0.2 G, left) and Model 6 (Bs = 0.5 G, right). The density is expressed in units of ρw. The dotted
line shows the border of the Roche lobe. The white circle corresponds to the photometric radius of
the planet.

In both models, the planet is located in the sub-Alfvén wind zone, but between the
points rS (slow magnetosonic) and rA (Alfvén). Consequently, in the orbit of the planet,
the wind velocity vw exceeds the slow magnetosonic velocity uS, but becomes less than the
Alfvén velocity uA. In model 5, the Alfvén Mach number at the planet orbit is λ = 0.77 and
therefore the planet is located in the sub-Alfvén zone of the stellar wind. The total Alfvén
Mach number, considering the velocity of the orbital motion of the planet λ = 1.16.

We can say that this situation corresponds to the trans-Alfvén regime of the stellar wind
flowing around the planet, since hot Jupiter is located in the sub-Alfvén wind zone, but the
flow occurs in the super-Alfvén regime. In model 6, the Alfvén Mach number on the orbit
of the planet is λ = 0.31, and the total Alfvén Mach number is λ = 0.46. Therefore, in this
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case, the conditions for the implementation of the sub-Alfvén regime of the hot Jupiter flow
around by the stellar wind are completely satisfied.

In the super-Alfvén flow around regime, an extended open-type envelope was formed
for these atmospheric parameters (see the lower right panel in Figure 9). Under the
conditions of a strong magnetic field of the wind, the envelope structure has undergone
significant changes. The intensity of the matter flow from the inner Lagrange point L1 at the
day side weakened and the envelope became closer to the quasi-open type. We obtained
that the mass loss rate Ṁp ≈ 9 × 109 g/s for the model 5 and Ṁp ≈ 7 × 109 g/s for the
model 6. It follows from these results that, at fixed parameters of the atmosphere (density
ρa and temperature Ta), the rate of mass loss Ṁp for hot Jupiter decreases with an increase
in the magnetic field of the wind (the parameter Bs in our numerical model).

In addition, the flow direction changed, since, in a strong field, plasma tends to move
mainly along magnetic force lines. This is especially noticeable in the case of model 6
(right panel in Figure 10). Since the wind field is almost radial in the vicinity of the planet,
the envelope matter moves directly to the star and, continuing to move along such a
trajectory, falls immediately onto the star.

Thus, in the case of a strong magnetic wind field (sub-Alfvén flow around regime), we
have some new type of extended envelope, complementing the previous classification [17].
In order to distinguish these envelopes types, we can call them super-Alfvén and sub-Alfvén,
respectively. For example, in this case, sub-Alfvén extended envelopes of open or quasi-
open type are formed. It is obvious that the observational manifestations of such envelopes
should have important differences in comparison with ones formed in the super-Alfvén
flow around regime [56].

It is also interesting to note that a magnetic barrier is formed in front of the planet
in the direction of its orbital motion. It manifests itself as an elongated area of con-
densation of magnetic field lines (see Figure 10). Within this region, the magnetic field
induction increases.

The process of the stellar wind flowing around the planet is basically shock-less.
In model 5 (the left panel in Figure 10) a weak shock wave is formed around the planet,
but towards the end of the stream it disappears, since the conditions of the sub-Alfvén flow
regime are already being realized in this region. In model 6 (the right panel in Figure 10)
in the entire computational domain, the flow occurs in the sub-Alfvén mode. Therefore,
shock waves are not formed either around the atmosphere of the planet, or around the flow
of matter flowing from the inner Lagrange point L1.

In model 6 (the right panel in Figure 10), a non-physical spherical structure appeared
around the planet. Its appearance is due to the fact that to describe the induced magnetic
field of the atmosphere, we used the formula (109), which follows from the exact solution for
the problem of the magnetic field of an ideally conducting sphere placed in a homogeneous
external magnetic field. In our case, the magnetic field of the wind is not uniform. Therefore,
this solution does not allow to accurately compensate the external field in the entire volume
of the atmosphere and parasitic currents will be induced all the time near the surface of the
initial contact discontinuity. This is noticeable in models with a strong wind field. In future
works, we will attempt to overcome this problem.

6. Conclusions

To investigate the process of the stellar wind matter flowing around hot Jupiters,
considering both the planet own magnetic field and the wind magnetic field, we developed
a three-dimensional numerical model based on the approximation of multi-component
magnetic hydrodynamics. Our numerical model is based on the Roe–Einfeldt–Osher
difference scheme of high resolution for the equations of multi-component MHD.

The total magnetic field is represented as a superposition of the external magnetic field
and the magnetic field induced by electric currents in the plasma itself. The superposition
of the planet proper magnetic field, the induced magnetic field of the atmosphere, and
the radial component of the wind magnetic field was used as the external field. In the
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numerical algorithm, the factors associated with the presence of an external magnetic
field were taken into account at a separate stage using an appropriate Godunov-type
difference scheme.

The main attention was focused on the inclusion of a complete MHD model of the
stellar wind. This, in particular, makes it possible to more correctly calculate the location
of the Alfvén point. As a result, the numerical model is applicable for calculating the
structure of the extended envelope of hot Jupiters not only in the super-Alfvén [55] and
sub-Alfvén [56] regimes of stellar wind flow around but also in the trans-Alfvén regime.
The multi-component MHD approximation in the future will be used by us to account for
changes in the chemical composition of the hydrogen–helium envelopes of hot Jupiters.
In this paper, we did not consider these processes, assuming all the individual components
as passive admixtures moving together with the matter.

As an example of the object to study, we considered a typical hot Jupiter HD 209458b.
The numerical simulations presented in the paper can be divided into two blocks. The first
block includes calculations with a weak wind field (super-Alfvén flow regime), in which
we changed the parameters of atmosphere (temperature). This made it possible to simulate
different types of super-Alfvén envelopes: closed, quasi-closed, quasi-open and open.
In the second block, with fixed atmospheric parameters (open envelope), we changed the
magnetic field of the wind and analyzed how the envelope structure changes.

In the case of the super-Alfvén flow regime, all previously discovered types of ex-
tended envelopes are also implemented in the new numerical model. However, their
boundaries in the parameter space have shifted to the region of lower densities and tem-
peratures. This is due to the fact that in this model we take into account the chemical
composition of the atmosphere. Position and shape of the bow shock in the new numerical
model differ from those we obtained in the previous models. This can be explained by
a more correct consideration of wind parameters. In the old model, wind velocity and
temperatures were considered constant throughout the computational domain, and in the
new model they change in space according to the analytical solution.

In addition, in the old model, the gravitational forces of the star and planet were
turned off to accelerate the wind. As a result, the flow velocity naturally increased and the
shock wave pressed closer to the planet. In the new model, the flow velocity is obtained
directly from the wind model (considering all forces) and as a result, the shock wave moves
further away from the planet.

With the increase in the magnitude of wind magnetic field, the total wind pressure
enlarges. As a result, the stream of matter from the inner Lagrange point L1 is stopped
by the stellar wind earlier. Therefore, for example, an open envelope tends to become
quasi-open with the growth of field. In addition, in the strong magnetic field of the wind,
the direction of movement of stream changes. The stream plasma will attempt to move
along the magnetic force lines. As a result, an additional type of envelopes is realized—
sub-Alfvén ones, which have their own specific observational features.

In the trans-Alfvén regime, the bow shock wave has a fragmentary nature. In the
completed sub-Alfvén flow around regime, the bow shock wave is not formed at all. It
should also be noted that with an increase in the magnetic field of the wind, the induced
field of the atmosphere growths. The corresponding magnetic moment becomes greater
than the planet intrinsic magnetic moment. As a result, the magnetic pole shifts. This may
affect the overall configuration of the magnetosphere and, in particular, the position of the
dead zones and the auroral zone.

Author Contributions: A.Z. and D.B. developed the analytical and numerical model, obtained the
results and wrote the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors are grateful to the Government of the Russian Federation and the Ministry of
Higher Education and Science of the Russian Federation for the support (grant 075-15-2020-780 (no.
13.1902.21.0039)).

82



Universe 2021 , 7 , 422

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The study was carried out using computing facilities of the Interdepartmental
Supercomputer Center of the Russian Academy of Sciences, www.jscc.ru, accessed on 20 October 2021.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Difference Scheme for the Equations of Multi-Component

Magnetic Hydrodynamics

Appendix A.1. Roe Matrix

In this section, we describe the adaptation of the Roe scheme [77] to the case of
multi-component magnetic hydrodynamics equations. We will discard all source terms,
since they can be accounted separately. The hyperbolic part of the system consists of the
equations of magnetic hydrodynamics

∂ρ

∂t
+∇ · (ρv) = 0, (A1)

∂

∂t
(ρv) +∇ · (ρvv + PT + BB) = 0, (A2)

∂B
∂t

−∇× (v × B) = 0, (A3)

∂ET

∂t
+∇ · [v(ET + PT)− B(v · B)] = 0 (A4)

and equations for the mass fractions of components

∂

∂t
(ρξs) +∇ · (ρξsv) = 0, s = 1, . . . , N. (A5)

Here, all the equations are written in a conservative form and notations for total pressure
and total energy density are used

PT = P +
B2

2
, ET = ρε + ρ

v2

2
+

B2

2
. (A6)

For the convenience of numerical simulation, a system of units is used in these equations,
in which the multiplier 4π does not occur in the expression for the electromagnetic force.

For the numerical solving of three-dimensional equations of multi-component mag-
netic hydrodynamics (A1)–(A5), the splitting technique by spatial directions can be used.
As a result, the solving of a three-dimensional problem is reduced to solving a series of
one-dimensional problems. In the case of using Godunov-type schemes [78], numerical
fluxes in each spatial direction are calculated based on the corresponding one-dimensional
Riemann problem on the decay of an arbitrary discontinuity.

Consider the case of a plane flow corresponding to the coordinate direction x. Since in
the plane flow the magnetic field component BX = const, the equations of one-dimensional
multi-component magnetic hydrodynamics in a conservative form can be written as

∂u

∂t
+

∂F

∂x
= 0, (A7)
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where the vectors of conservative variables and fluxes are defined by expressions:

u =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ρ
ρvx
ρvy
ρvz
By
Bz
ET
ρξs

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, F =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ρvx
ρv2

x + PT
ρvxvy − BxBy
ρvxvz − BxBz
vxBy − vyBx
vxBz − vzBx

ρhvx − Bx(v · B),
ρvxξs

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (A8)

Here, it is assumed that the index s runs through values from 1 to N and a notation is used
for the total enthalpy density h, determined by the relation

ρh = ET + PT. (A9)

Note that the equation for the Bx component is excluded from this system. In fact, this
value is a flow parameter.

The Roe scheme refers to Godunov-type schemes and is based on an approximate
solving of the Riemann problem on the decay of an arbitrary discontinuity. In this method,
instead of solving the Riemann problem for the original system of non-linear Equation (A7),
a linearized problem is solved

∂u

∂t
+ Â(uL, uR) · ∂u

∂x
= 0 (A10)

with initial conditions: u(x, 0) = uL for x < 0 and u(x, 0) = uR for x > 0.
In order for the solutions of the original (A7) and the linearized (A10) problems to be

consistent, the matrix Â(uL, uR) must satisfy the following three conditions.

(1) Hyperbolicity. Matrix Â(uL, uR) must be hyperbolic. Otherwise, the Riemann
problem for a system of linearized Equation (A10) loses its meaning.

(2) Consistency. Matrix Â(uL, uR) should make smooth transition to the hyperbolicity
matrix Â(u) = ∂F/∂u in the limit at uL → uR = u.

(3) Conservation. Matrix Â(uL, uR) must satisfy the condition of conservation relative
to discontinuities:

Â(uL, uR) · Δu = ΔF, (A11)

where is denoted δu = uR − uL, δF = FR − FL. In this case, solving of the linearized
discontinuity decay problem (A10) will satisfy the same integral conservation laws as
the solving of the original non-linear problem (A7).

As is known, the solution of the Riemann problem for a linear hyperbolic system of
Equation (A10) is a set of strong discontinuities whose velocities are equal to the eigenval-
ues λα of the Roe matrix Â(uL, uR), where α is the index of the characteristic. Corresponding
jumps of values at discontinuities

[u]α = rαΔSα, (A12)

where square brackets denote differencies between the right and the left values when
crossing the discontinuity, ΔSα = lα · δu is the characteristic amplitudes, and rα, lα is
the right and left eigenvectors of Roe matrix. At each discontinuity, the corresponding
Hugoniot conditions must be satisfied:

λα[u]α = [F]α. (A13)

The Roe matrix for the equations of magnetic hydrodynamics (A1)–(A4), as well as all
the characteristic parameters necessary for constructing the scheme for the special case of
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the adiabatic index γ = 2, are described in [79]. In [80], the corresponding Roe matrix with
the adiabatic index 1 < γ ≤ 2 was constructed for the first time. A detailed description of
this scheme is given in our monograph [68]. We will not dwell on this here, considering all
these properties to be known. Recall, however, that this matrix of dimension 7 × 7 has the
following set of eigenvalues:

λ±F = vx ± uF, λ±S = vx ± uS, λ±A = vx ± uA, λE = vx, (A14)

where the indices F, S, A, and E correspond to fast, slow, Alfvén, and entropy characteristics.
The values uF and uS describe fast and slow magnetosonic velocities, and uA is the Alfvén
velocity. Following the paper of [80], we introduce intermediate values (Roe’s averages)
for density, velocity, magnetic field and total enthalpy:

ρ =
√

ρLρR, v =

√
ρLvL +

√
ρRvR√

ρL +
√

ρR
, (A15)

B =

√
ρRBL +

√
ρLBR√

ρL +
√

ρR
, h =

√
ρLhL +

√
ρRhR√

ρL +
√

ρR
. (A16)

The Roe matrix for the equations of one-dimensional multi-component magnetic
hydrodynamics (A7), (A8) has the following structure

Â =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

Aik

0 . . . 0
...

. . .
...

0 . . . 0
−ξ1vx ξ1 0 . . . 0

...
...

...
. . .

...
−ξNvx ξN 0 . . . 0

vx . . . 0
...

. . .
...

0 . . . vx

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (A17)

As it can be seen, this matrix consists of four blocks. In the upper left block of dimension
7 × 7 there are elements of the Aik Roe matrix for magnetic hydrodynamics. The indices i
and k run through values from 1 to 7. All elements of the upper right block of dimension
N × 7 are equal to zero. The lower left block has dimension 7 × N. In the line with the
number s of this block, the first element is equal to −ξsvx, the second element is equal
to ξs, and the remaining elements are zero. The lower right block of dimension N × N is
diagonal, and all its diagonal elements are equal to vx.

Let us write out the Roe’s conditions (A11) for the matrix (A17). For the matrix
components corresponding to the equations of magnetic hydrodynamics, they do not give
anything new:

ΔFi =
7

∑
k=1

AikΔuk. (A18)

Consequently, the structure of magnetohydrodynamic part of the matrix Aik is not affected
and remains the same. For the selected component ξs = ξ we have the relation:

Δ(ρξvx) = −ξvxΔρ + ξΔ(ρvx) + vxΔ(ρξ). (A19)

From here, we find the Roe’s average for the value ξ,

ξ =
ξL
√

ρL + ξR
√

ρR√
ρL +

√
ρR

. (A20)

This expression is valid for any ξs component.
Taking into account the block structure of the Roe matrix Â∗ it can be written

det
(

Â − λ Î
)
= det(Aik − λδik)(vx − λ)N , (A21)
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where δik is a unit matrix of dimension 7 × 7, and Î is a unit matrix of full size. It follows
that the eigenvalues of the Roe matrix Â are the eigenvalues (A14) of the matrix Aik, as well
as N-multiple eigenvalues

λs = vx, s = 1, . . . , N, (A22)

corresponding to the Equation (A5) for the mass fractions of ξs.

Appendix A.2. Eigenvectors

The right eigenvectors of the Roe matrix Â are denoted as follows:

r =
(

r1, . . . , r7, r̃1, . . . , r̃N
)T

, (A23)

where T denotes transposition, the first 7 components of the vector correspond to the
magnetohydrodynamic part, the remaining N components, marked with tildes, correspond
to the Equation (A5) for the mass fractions ξs. Let us write out the equations for the
right eigenvectors

Â · r = λr. (A24)

We have:
7

∑
k=1

Aikrk = λri, i = 1, . . . , 7, (A25)

− ξsvxr1 + ξsr2 + vxr̃s = λr̃s, s = 1, . . . , N. (A26)

Let us first consider the MHD characteristics when λ are determined by the eigenval-
ues of (A14) of the matrix Aik. It follows from the first Equation (A25) that in this case the
components of ri coincide with the corresponding components of the right eigenvectors
in magnetic hydrodynamics. The remaining components of the right eigenvectors can be
found from the additional Equation (A26). If λ �= vx, then for each component r̃s of the
right vector, it can be written:

r̃s =
ξs

λ − vx

(
r2 − vxr1

)
. (A27)

Hence, for fast and slow characteristics we find r̃s = α f ξs and r̃s = αsξs, respectively,
and for Alfvén r̃s = 0. The coefficients α f and αs determine the normalization of Roe
matrix eigenvectors in magnetic hydrodynamics [79,80] (see also [68]). For the entropy
characteristic λ = vx, r1 = 1, r2 = vx and, consequently, all additional Equation (A26)
are satisfied automatically. This means that in this case we can choose r̃s in an arbitrary
way. Without limiting generality, they can be put equal to zero. As a result, we obtain the
following right eigenvectors

r±F =
(

r1
±F, . . . , r7

±F, αFξ1, . . . , αFξN

)T
,

r±S =
(

r1
±S, . . . , r7

±S, αSξ1, . . . , αSξN

)T
,

r±A =
(

r1
±A, . . . , r7

±A, 0, . . . , 0
)T

,

rE =
(

r1
E, . . . , r7

E, 0, . . . , 0
)T

.

(A28)

For additional characteristics corresponding to the eigenvalues of λs, we come to the
following equations:

7

∑
k=1

Aikrk = vxri, i = 1, . . . , 7, (A29)

r2 − vxr1 = 0, s = 1, . . . , N. (A30)
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The equations for the ri components coincide with the corresponding equations for the
entropy characteristic. Therefore, there should be ri = ri

E. The relation (A30) is also satisfied
identically. The values of r̃s remain arbitrary. They must be selected in such a way as to
obtain a linearly independent set of vectors. To do this, it is enough to set r̃s = 1 for the
characteristic corresponding to the index s, and to set the remaining components equal to
zero. As a result, we obtain the following set of additional right eigenvectors

rs =
(

r1
E, . . . , r7

E, 0, . . . , 1, . . . , 0
)T

. (A31)

Here, the unit is located in place of the component numbered 7 + s. Since the vectors rs
and rE are linearly independent, and the eigenvalues for these characteristics are the same
(λ = vx), then, without violating linear independence, the vector rs can be replaced by the
difference rs − rE. In this case, we have a set of unit vectors

rs = (0, . . . , 0, 0, . . . , 1, . . . , 0)T . (A32)

Let us now consider the left eigenvectors of the Roe matrix Â:

l =
(
l1, . . . , l7, l̃1, . . . , l̃N

)
, (A33)

where the first seven components of the vector again correspond to the magnetohydro-
dynamic part, and the remaining N components, marked with tildes, correspond to the
Equation (A5) for the mass fractions ξs. Describing relations for left eigenvectors

l · Â = λl, (A34)

we come to the following equations:

7

∑
k=1

lk Ak1 −
N

∑
r=1

l̃rξrvx = λl1, (A35)

7

∑
k=1

lk Ak2 +
N

∑
r=1

l̃rξr = λl2, (A36)

7

∑
k=1

lk Akn = λln, n = 3, . . . , 7, (A37)

vxl̃s = λl̃s, s = 1, . . . , N. (A38)

For fast, slow, and Alfvén characteristics, the eigenvalue is λ �= vx. Therefore, for them
all the additional components are l̃s = 0. For the entropy characteristic, the values of
l̃s are arbitrary. It can also be chosen them l̃s = 0, so as not to change anything in the
magnetohydrodynamic part of the left eigenvector. As a result, for all MHD characteristics,
the left eigenvectors will have the following form:

l±F =
(

l±F
1 , . . . , l±F

7 , 0, . . . , 0
)

,

l±S =
(

l±S
1 , . . . , l±S

7 , 0, . . . , 0
)

,

l±A =
(

l±A
1 , . . . , l±A

7 , 0, . . . , 0
)

,

lE =
(

lE
1 , . . . , lE

7 , 0, . . . , 0
)

.

(A39)
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For additional characteristics λs, the last Equation (A38) is satisfied automatically.
The remaining equations are reduced to the form:

7

∑
k=1

lk Ak1 −
N

∑
r=1

l̃rξrvx = vxl1, (A40)

7

∑
k=1

lk Ak2 +
N

∑
r=1

l̃rξr = vxl2, (A41)

7

∑
k=1

lk Akn = vxln, n = 3, . . . , 7. (A42)

We can see that in the case of l̃r = 0, li = lE
i follows from these equations. However, then

we find a linearly dependent set of vectors. To obtain a linearly independent set of vectors,
for an additional characteristic with the index s, we choose l̃s = 1, and set the remaining
additional components equal to zero. For the rest of the components, we will look for a
solution in a more general form:

li = χlE
i + xi, (A43)

where χ is the normalizing factor, and xi is the unknown quantities. Since

7

∑
k=1

lE
k Aki = vxlE

i , i = 1, . . . , 7, (A44)

then, for xi, we come to the equations:

7

∑
k=1

xk Ak1 − ξsvx = vxx1, (A45)

7

∑
k=1

xk Ak2 + ξs = vxx2, (A46)

7

∑
k=1

xk Akn = vxxn, n = 3, . . . , 7. (A47)

Without limiting generality, we can assume that only the value x1 is non-zero. Recall [80]
that the first row of the matrix Aik contains a single non-zero element A12 = 1. There-
fore, the Equation (A47) is satisfied automatically, and the Equations (A45) and (A46)
coincide and give the solution x1 = −ξs. As a result, the left eigenvectors for additional
characteristics will have the following form:

ls =
(

χlE
1 − ξs, χlE

2 , . . . , χlE
7 , 0, . . . , 1, . . . , 0

)
. (A48)

Here, the unit is located again in place of the component with the index 7 + s.
The coefficient χ should be found from the condition of orthonormality of eigenvectors

lα · rβ = δα
β. (A49)

For MHD characteristics, when α and β correspond to ±F, ±S, ±A or E, all components of
l̃s = 0. Therefore

lα · rβ =
7

∑
k=1

lα
k rk

β = δα
β (A50)
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due to the orthonormality of the MHD vectors. If α corresponds to MHD characteristics,
and β is the additional characteristics, then it’s obvious,

lα · rs = 0. (A51)

If we consider vectors for additional characteristics α = r, β = s, then we also find the
necessary relation,

lr · rs = δr
s . (A52)

Finally, let us consider the case, when α = s, and β corresponds to the MHD characteristics.
We have:

ls · rβ = χ
7

∑
k=1

lE
k rk

β − ξsr1
β + r̃s

β. (A53)

If α = ±F, then the first term in the right part vanishes due to the orthonormality of the
MHD vectors. Then, r1

±F = α f , r̃s
±F = α f ξs and, consequently, the entire right part turns

out to be zero. The situation is similar in cases where α corresponds to ±S and ±A. For the
entropy characteristic α = E we have:

ls · rE = χ
7

∑
k=1

lE
k rk

E − ξsr1
E = 0. (A54)

Hence, using the normalization condition of entropy MHD vectors, as well as the equality
r1

E = 1, we find χ = ξs. Thus, we finally find

ls =
(

ξslE
1 − ξs, ξslE

2 , . . . , ξslE
7 , 0, . . . , 1, . . . , 0

)
. (A55)

Here, as before, the unit is located again in place of the component with the index 7 + s.
Using the expressions obtained for the left eigenvectors, it is easy to calculate the

characteristic amplitudes of ΔSα = lα · Δu. Since for all MHD characteristics the additional
components of the left eigenvectors l̃s = 0, the corresponding expressions for characteristic
amplitudes do not change. For additional characteristics of λs we have:

ΔSs = ξs

7

∑
k=1

lE
k Δuk − ξsΔρ + Δ(ξsρ). (A56)

Taking into account (A20), this expression can be simplified,

ΔSs = ξsΔSE + ρΔξs, (A57)

where ρ is the Roe’s average for density (A15).

Appendix A.3. Test Calculations

To numerically solve the equations of multi-component magnetic hydrodynam-
ics (A1)–(A5), we use the finite-difference Roe scheme [77], some details of which are
described above. To improve the accuracy, we apply the Osher increasing correction [81].
The resulting difference scheme belongs to the class of TVD (total variation diminishing)
schemes [82] and for the case of single-fluid magnetic hydrodynamics is described in detail
in [83]. The scheme has the first order of approximation in time and the third order in space.
Note that the magnetohydrodynamic version of the Roe scheme in our scheme is presented
in such a way that in the absence of a magnetic field (B = 0) this scheme exactly passes
into the Roe-Einfeldt-Osher scheme we used in purely gas-dynamic simulations [17].

The main disadvantage of the Roe method should, apparently, be considered that
the linear system (A10), qualitatively repeating the solution of the original problem (A7),
does not reproduce centered rarefaction waves. Instead, the solution consists of a jumps
system propagating at speeds corresponding to the eigenvalues of the Roe matrix Â(uL, uR),
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and some of these jumps may not satisfy the condition of evolutionarity. However, for most
cases, the Roe method works well, even if the exact solution of the original problem
involves rarefaction waves.

The exception is solutions with trans-sonic rarefaction waves, for the correct account-
ing of which special evolutionary corrections are used. In the case of magnetic hydrody-
namics equations (single-fluid or multi-fluid), such corrections should be used for fast
and slow magnetosonic characteristics, in which rarefaction waves with corresponding
properties may sometimes occur. For fast magnetosonic characteristics, our difference
scheme uses the Einfeldt [84] correction. In the case of slow magnetosonic characteristics,
the initial Einfeldt correction does not agree with a purely gas-dynamic version of the
difference Roe scheme. Therefore, for such characteristics, we use a modified entropy
correction [83].

In multi-dimensional problems, when using Godunov’s methods for solving equations
of magnetic hydrodynamics, a separate procedure is required to clear the divergence of the
magnetic field, since the difference scheme operates with values averaged over the volume
of a cell and, therefore, does not conserve the magnetic flux. The method we use to clear
the magnetic field divergence is described in Section 4.4. In the test calculations, the results
of which are given in this section, divergence cleaning was not applied.

In the first test calculation, numerical simulation of the decay of an arbitrary MHD
discontinuity was carried out. At the initial moment of time, the resting matter (velocity
v = 0) was considered in a homogeneous magnetic field Bx = 1/4, By =

√
3/4, Bz = 0.

An arbitrary discontinuity was located at the point x = 0.
In the region to the left of the discontinuity x < 0, the following values were set:

density ρ = 1, pressure P = 1. In the region to the right of the discontinuity x > 0,
the parameters were set: density ρ = 0.125, pressure P = 0.1. The adiabatic index γ = 5/3.
A calculated grid containing 512 cells was used. A two-component mixture consisting of
hydrogen ions H+ and helium He+ was considered. We assume that at the initial moment
of time, the matter to the left of the discontinuity consists only of helium ions, and the
matter to the right of the discontinuity consists only of hydrogen ions.

The results of the numerical solution of this problem obtained at the time t = 0.15 are
shown in Figure A1. The decay of the initial arbitrary discontinuity leads to the formation
of two rarefaction waves (fast 1 and slow 2) propagating into the region of helium matter.
The contact discontinuity 3 propagates to the right. Two shock waves are formed in the
region of hydrogen plasma (slow 4 and fast 5). The panel on the bottom right shows
the resulting distribution of the mass fractions of helium ions ξ1 and hydrogen ions ξ2.
The contact boundary between the matters shifts to the right, is clearly localized in space
and does not contain any non-physical oscillations. Analysis of the figure shows that the
scheme approximates all types of running waves quite well.

As a second demonstration example, let us consider the results of a test calculation
of the problem on a volume-distributed explosion in a medium with a homogeneous
magnetic field. The initial conditions correspond to the situation when, in the entire
volume of an infinitely long cylinder with a radius of R = 0.2 with a density of ρ = 1,
the pressure instantly increases by 10 times compared to the pressure in the external
environment. As a result of such an explosion, the matter of the cloud begins to expand
into the external environment.

The density and pressure in the external environment were set as follows: ρext = 0.125,
Pext = 0.1. The magnetic field at the initial time in the entire volume of the computational
domain was homogeneous: Bx = 1/4, Bx =

√
3/4, Bx = 0. The cloud was filled with

helium ions He+, and the external environment was filled with hydrogen ions H+. Due to
the formulation of the problem in each plane z = const, the flow pattern will be the same.
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Figure A1. The results of the test calculation of the Riemann problem on the decay of an arbitrary
discontinuity (see the description of the initial conditions in the text). Density distributions are shown
(top left), velocity components vx and vy (top right), magnetic field components by (bottom left),
as well as mass fractions ξ1 and ξ2 (bottom right) at time t = 0.15. The figures correspond to the
digits: 1—fast rarefaction wave, 2—slow rarefaction wave, 3—contact gap, 4—slow shock wave, and
5—fast shock wave.

Therefore, the problem is actually two-dimensional. Calculations were carried out in
the computational domain −0.5 ≤ x ≤ 0.5,−0.5 ≤ y ≤ 0.5 on a mesh with the number
of cells 512 × 512. It should be noted that according to its formulation, the previous test
problem corresponds to the decay of an arbitrary discontinuity on the right edge of the
cloud along the x coordinate.

The results of the calculation of the second test problem at time moment t = 0.1 are
shown in Figure A2. The left panel shows the distribution of density (color) and velocity
(arrows). The boundary of the cloud that separates helium and hydrogen corresponds to a
solid line. The right panel shows the distribution of density (iso-lines) and magnetic field
(lines with arrows). As it can be seen from the figure, the flow structure is determined by a
complex system of strong MHD discontinuities propagating outward (fast and slow shock
waves, contact discontinuity), as well as fast and slow rarefaction MHD waves propagating
to the center.

The presence of the magnetic field leads to the fact that the flow pattern is anisotropic.
In particular, the contact boundary along the magnetic field propagates faster than in the
direction across the field. As a result, the initially symmetrical helium cloud becomes
elongated along the magnetic force lines. The analysis of the figure allows us to conclude
that the computational qualities of the difference scheme we used, noted above for a
one-dimensional problem, are preserved in the multi-dimensional case.
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Figure A2. The results of the test calculation of the problem on a volume-distributed explosion in a
homogeneous magnetic field. The density (color) and velocity distributions (arrows) are shown on
the left. The solid line corresponds to the border of the cloud. The density distributions (iso-lines)
and magnetic field distributions (lines with arrows) are shown on the right. The distributions of the
quantities are presented at time moment t = 0.1.
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Abstract: Recent discovery of fast blue optical transients (FBOTs)—a new class of energetic tran-
sient sources—can shed light on the long-standing problem of supernova—long gamma-ray burst
connections. A distinctive feature of such objects is the presence of modestly relativistic outflows
which place them in between the non-relativistic and relativistic supernovae-related events. Here
we present the results of kinetic particle-in-cell and Monte Carlo simulations of particle acceleration
and magnetic field amplification by shocks with the velocities in the interval between 0.1 and 0.7 c.
These simulations are needed for the interpretation of the observed broad band radiation of FBOTs.
Their fast, mildly to moderately relativistic outflows may efficiently accelerate relativistic particles.
With particle-in-cell simulations we demonstrate that synchrotron radiation of accelerated relativistic
electrons in the shock downstream may fit the observed radio fluxes. At longer timescales, well
beyond those reachable within a particle-in-cell approach, our nonlinear Monte Carlo model predicts
that protons and nuclei can be accelerated to petaelectronvolt (PeV) energies. Therefore, such fast
and energetic transient sources can contribute to galactic populations of high energy cosmic rays.

Keywords: fast blue optical transients; non-thermal particle acceleration; particle-in-cell plasma
modeling; high energy cosmic rays

1. Introduction

The time domain astronomy operating now at all wavebands from radio to gamma
rays has provided unique information on highly energetic processes in transient astro-
physical objects such as supernovae (SNe), gamma-ray bursts (GRBs), fast radio bursts
and others. The pioneer program of a dedicated search for supernovae in the optical band
started by Fritz Zwicky in 1936, which has later allowed, in particular, obtaining funda-
mental results on the accelerated expansion of the Universe via spectroscopy of SN type Ia,
is now ongoing with great perspectives [1]. The capabilities of fast and sensitive wide field
imaging suggested for the forthcoming Large Synoptic Survey Telescope (LSST) would
allow detecting many thousands of luminous SNe and tidal disruption events (TDEs)
per year as well as studying other types of transient sources [2]. Together with the LSST,
the currently operating wide field [3] and survey [4] X-ray observatories along with the
future high energy missions [5–7], gravitational wave and neutrino observatories will allow
revealing the physical nature of various types of energetic space transients.

The fast blue optical transients (FBOTs) [8–11] are among the most interesting recent
discoveries. Their appearance is somewhat different from most of the core-collapse SNe [8,12].
Together with the low-luminosity GRBs they possibly belong to the intermediate class of
phenomena filling the gap between non-relativistic SNe and “standard” long duration gamma-
ray bursts, and which could have volumetric rates well above that of the GRBs [13,14]. The
duration of both the energy-momentum release from the central engine and the interaction of
the anisotropic ejecta with the outer layers of the progenitor star and its circumstellar matter
determine the transient appearance (see, e.g., [15]).

Three recently studied powerful FBOT sources AT2018cow [9], CSS161010 [10] and
ZTF18abvkwla [11] were characterized by a low ejected mass and fast outflows. Indeed,
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Margutti et al. [9] found that to explain the fast rise of the optical and radio emission
together with the persistent photosphere appearance in AT2018cow a wide range of ve-
locities in the range from about 0.02 c to 0.2 c is needed, where c is the speed of light.
The aspherical ejecta with the range of velocities had the estimated mass ∼0.1–1 M� [9].
The long low frequency uGMRT radio observations [16] allowed estimating the shock
radius to be R = (6.1 − 14.4)× 1016 cm and the speed of the fast ejecta to be above 0.2 c at
257 days after the shock breakout. The mass loss rate of the progenitor star was found to
be a few times 10−6 M� yr−1 during the period of 20–50 years assuming the wind velocity
∼1000 km s−1, while it was possibly 100 times higher in a period of a few years just before
the event [16].

Another interesting FBOT source is CSS161010 located in a dwarf galaxy at a distance
about 150 Mpc [10]. On the basis of the synchrotron interpretation of its radio emission,
which is peaked at about 100 days after the FBOT event, the authors suggested a presence
of a mildly relativistic outflow of four-velocity 0.55 c driving a blast wave. They estimated
the ejected mass to be in the range of 0.01–0.1 M�. The outflow is faster than that estimated
for AT2018cow and is similar to that in ZTF18abvkwla. The origin of the bright X-ray
luminosity is attributed to an emission component, which is likely different from the pri-
mary one, which produced the synchrotron radio emission. Recent radio, millimeter wave
and X-ray observations [17,18] of a short-duration luminous FBOT transient ZTF20acigmel
(AT2020xnd) located at z = 0.2433 indicated a presence of a fast ejecta with a ∼0.2 c speed
shock with estimated energy above 1049 ergs. AT2020xnd has shown high radio luminosity
of Lν ∼ 1030 ergs−1 Hz−1 at 20 GHz almost 75 days after the event [18]. The observational
data suggested a shock driven by a fast outflow of velocity 0.1–0.2 c interacting with the
dense circumstellar matter shaped by an intense wind of Ṁ ≈ 10−3 M� yr−1 with velocity
of vw = 1000 km s−1 from the progenitor star [18]; the presence of a steep density profile of
ρ(r) ∝ r−3 in the wind was suggested by [17]. Similar to AT2018cow, the detected X-ray
emission is in excess compared to the extrapolated synchrotron spectrum and constitutes a
different emission component, possibly powered by accretion onto a newly formed black
hole or neutron star.

The distinctive features of the four FBOT transients discovered so far are their high
peak bolometric luminosity L >∼ 1043 erg s−1 and a rapid timescale of a few days duration.
Multi-wavelength observations of these objects uncovered the presence of powerful sub-
or mildly relativistic outflows which are likely originated from either rare SN-type or
TDE-type events with intermediate or stellar mass black holes (see, e.g., [19]). The kilonova
type sources with the neutron stars mergers typically eject the masses in the range of
10−4–10−2 M� (and even ∼0.1 M� for the black hole—neutron star mergers) with velocities
∼0.1–0.3 c [20]. It is interesting that the recent model of a supernova from a primordial
population III star of a 55,500 M� mass with general relativistic instability [21] predicts the
ejecta velocities of about 0.3 c. Earlier mildly and moderately relativistic ejecta outflows
were found in a few broad line type Ic SNe (e.g., [22,23]). The geometry and structure of
the outflows producing FBOTs depend on the source of their power and it is a subject
of modeling [9]. Relativistic mass ejection in spherically symmetric shock outflows of
core-collapse supernovae was studied in detail in [24–26]. Their high-velocity solutions
demonstrated rather a steep dependence of the deposited kinetic energy Ek as a function
of the ejecta four-speed Ek ∝ (βΓ)−5.2. Much flatter energy—ejecta velocity distribution
Ek ∝ (βΓ)−2.4 can be obtained for engine-driven asymmetric supernovae with a powerful
activity of compact stellar remnants [27–30]. Recently, numerical models of supernova
explosions where the supernova ejecta interacts with the relativistic wind from the central
engine were constructed in [31]. The formation of relativistic flows in the interaction of
the powerful non-thermal radiation produced by the central machine with the supernova
ejecta was considered in the papers [32,33].

Very luminous optical FBOT events with light curves extending to a couple of weeks
can be expected in the case of shock breakout into a dense circumstellar shell produced
by the dense progenitor wind a few years before the SN event [34–36]. The presence of an
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hour timescale central engine activity with a luminosity of about 1047 erg s−1 producing
mildly relativistic jet was proposed in [15] to model SN 2006aj associated with a low-
luminosity GRB. The bright high frequency radio emission of FBOTs and, possibly, the hard
X-ray component detected in some events of this type, is produced by relativistic electrons
accelerated by shocks driven by fast moderately relativistic outflows from the central engine.
Moreover, the synchrotron self-absorption effects [37] are apparent in some FBOT spectra.

The SN shock breakout is usually accompanied by a bright ultraviolet (UV) flash,
and it is likely that afterwards the shock enters a collisionless regime [38] with the X-
ray dominated spectrum. Some models of relativistic shock breakout which consider a
multifluid structure of a relativistic shock mediated by radiation in a cold electron-proton
plasma are currently under discussion [39,40]. A MeV gamma-ray flash of the total energy
∼1048 erg lasting from a few seconds to a few hours was predicted in [41,42] for some
SN events. At the later SN stages (after a few days from the event) the radiative shock is
transforming into a collisionless plasma shock regulated by kinetic plasma instabilities.
A specific feature of the collisionless shocks is their ability to create a powerful non-thermal
particle population and to accelerate relativistic particles [43]. The collisionless shock
structure and the efficiency of particle acceleration depend on the shock speed, on magnetic
field inclination to the shock normal and on the plasma magnetization parameter [44,45].
Modeling of particle acceleration by non-relativistic shocks of velocities below 0.1 c in
supernova remnants was discussed in [46] while studies of relativistic shocks was presented
in [47].

Kinetic simulations of the efficiencies of the shock ram pressure conversion to magnetic
fluctuations and relativistic particles are needed to provide an adequate interpretation
of the observed non-thermal radiation. The mildly relativistic magneto-hydrodynamic
(MHD) flows were shown (see, e.g., [48,49]) to be the most efficient environment providing
the maximum energies of the accelerated nuclei for a given magnetic/kinetic luminosity
of the power engine. Recent models suggested a possibility of cosmic ray acceleration
to ultra high energies in the low-luminosity GRBs associated with SNe (see, e.g., [50,51])
and in relativistic SNe [52]. Fast outflows from SNe with dense circumstellar shells could
accelerate cosmic rays up to the high energy regime on a few weeks timescale (e.g., [53,54]).

The structure and particle acceleration in the fast collisionless shocks can be success-
fully modeled with the kinetic particle-in-cell (PIC) technique [43,55] at many thousands
of the particle gyro-scales. On the other hand, as the observed multi-wavelength spectra
of supernova remnants and GRBs compellingly demonstrated that the spectra of acceler-
ated particles extend to many decades in the particle momentum, a combination of both
microscopic (see Section 2) and macroscopic kinetic models (see Section 3) is necessary to
construct realistic models of such sources. Cosmic ray acceleration by supernova remnants
is a subject of extensive modeling [46,52,56–59]. One of the most uncertain points is at
what stage PeV regime cosmic rays can be accelerated. We discuss in Section 3 high energy
cosmic ray acceleration in FBOT-type sources as potential pevatrons.

Here we will present 2D PIC simulation of sub and mildly relativistic shocks within
the shock speed interval 0.1–0.7 c in proton-electron plasmas which could be applied to
FBOT sources modeling. The fiducial case in our work is 0.3 c.

Earlier, Park et al. [60] presented a set of 1D PIC models of shocks in a range of
velocities up to 0.1 c. They performed in the 1D case long simulation runs up to 5× 105 ω−1

pe .
For higher shock speed of 0.75 c Crumley et al. [61,62] published 2D PIC simulation results.
In the quasi-parallel shock of a velocity 0.75 c simulation of about 4100 ω−1

pi duration
allowed them to model Bell-mediated shock. In particular, they noted that acceleration of
electrons is likely initially associated with the shock drift acceleration and then switches to
diffusive shock acceleration regime as it was seen in [60].

To model radio emission observed from CSS161010, where the shock velocity of about
0.3 c was suggested by observations, we make 2D PIC simulations with mp/me ratio of 100,
which are limited to the timescale ∼7 × 104 ω−1

pe . We discuss possible extrapolations of
electron spectra to the energy range needed to model the radio emission.

99



Universe 2022 , 8 , 32

2. Particle-in-Cell Simulations of Fast Mildly Relativistic Shocks

In this section, we present the results of particle-in-cell simulations of mildly relativistic
shocks at gyro-scales with application to the observed non-thermal emission from FBOTs.

To simulate the structure and non-thermal particle acceleration by a mildly relativistic
collisionless shock wave we have employed the publicly available code Smilei developed
by Derouillat et al. [63]. This code is based on explicit Finite Differences Time Domain
approach for solving Maxwell equations and on a relativistic solver for particle movement
with charge-conserving algorithm proposed by [64].

For model shock initialization we employ a common approach: a homogeneous
plasma flow collides with an ideal reflecting wall. The simulation box is two-dimensional,
with the number of cells Nx = 204,800 in the direction along the flow velocity and Ny = 400
in the transverse direction, while particle velocities and the electromagnetic field are
represented by full 3D vectors. Homogeneous plasma flows in through the right boundary
and the reflecting wall is placed at the left boundary. Boundary conditions in the transverse
direction are periodic. The initial magnetic field �B lies in the plane of the simulation inclined
by the angle θ to the velocity of the flow. The electric field is initialized to compensate
the Lorentz force in the laboratory frame �E = −�v × �B/c. The velocity of plasma flow v
is 0.3 c and its Lorentz-factor γ is 1.05. The magnetization σ = B2/4πnγmpc2, where n
is upstream concentration and mp is mass of proton, in all the modeled configurations is
about 10−4. The electron mass me is artificially increased up to mp/me = 100 in order to
save computational resources. All the quantities obtained from the simulation can be scaled
with respect to the plasma concentration, which can be chosen arbitrary during the data
analysis. The spatial grid step is dx = 0.2c/ωe and the time step is dt = 0.09 ω−1

e , where

ωe is electron plasma frequency ωe =
√

4πne2/meγ, e is the absolute value of the electron
charge. Within such a setting the simulation box size along the x-axis corresponds to 500
gyroradii of protons in plasma flow rg = mpvcγ/eB and along the y-axis—to 1 gyroradius.
The maximum simulation time is 7 × 104 ω−1

e or about 100 inverse proton gyrofrequencies.
For plasma concentration n ≈ 1 cm−3, this corresponds to timescale about 1 s, which is
much smaller than the typical activity period of FBOTs.

The efficiency of particle acceleration depends on the inclination angle θ, especially
in the case of relativistic flows [44,61,62,65]. To participate in the diffusive acceleration
process, a particle needs to escape from the shock front and if it moves along the magnetic
field, the maximum velocity along the x-axis is c cos(θ′), and it should be larger than
the shock velocity v′sh (all quantities here are measured in the upstream frame). As one
can see in Figure 1, the high energy tail of the electron distribution is much higher for
a quasiparallel shock. Such an angle dependence may lead to the presence of different
electron distributions within one object, and this may possibly explain the difference
between the spectral indices of synchrotron radio and inverse Compton X-ray radiation
observed in FBOT AT2018cow [9].

For further modeling of synchrotron radiation from FBOT CSS161010 we have used
a setup with parameters v = 0.3 c, σ = 0.0002 and θ = 30◦ (a quasiparallel shock). Time
evolution of the concentration profile in such a shock averaged in the transverse direction
is shown in Figure 2 and the corresponding magnetic field at the moment 7 × 104 ω−1

e is
shown in Figure 3.

With the computed concentration profile we can determine the coordinate of the
shock front: we consider that xsh is the first point from the right where the concentration
is two times larger than that in the far upstream. The average shock velocity is the ratio
of the shock coordinate and the simulation time vsh = xsh/t. At later times the shock
wave propagation is close to a stationary regime. The shock velocity measured in the
downstream frame is close to the constant value vsh ≈ 0.085 c. In the upstream (observer)
frame it corresponds to v′sh = (vsh + v)/

(
1 + vshv/c2

)
≈ 0.38 c.
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Figure 1. Electron distribution function in the shock downstream with initial parameters v = 0.3 c,
σ = 0.0002 and different inclination angles.
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Figure 2. Time evolution of concentration normalized to the far upstream concentration.
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Figure 3. Magnetic field normalized to the far upstream magnetic field.

The simulations have allowed us to compute model distributions of electrons. In the
downstream region such distributions have a complex shape, where one can see two main com-
ponents: a thermal peak and a power law tail at high energies. At low energies (E < 5 mec2)
we approximate the distribution with a Maxwell-Juttner function: an iterative process is

employed to minimize the functional f (T) =
∫ 5mec2

mec2
(F(E)− Fmj(E, T))2dE, where F(E) is

simulated electron distribution function and Fmj(E, T) is Maxwell-Juttner distribution func-
tion, and find the effective temperature. For high energies (20 mec2 < E < 50 mec2) we follow
a least squares approach for linear regression in double logarithmic coordinates and obtain
the power law spectral index. The electron spectrum in a close downstream of the shock
(5000 grid cells behind the shock) at time t = 70,000 ω−1

e for the setup with σ = 0.0002 and
θ = 30◦ and its approximation with temperature Te = 5× 1010 K and spectral index s = 3.59
are shown in Figure 4.

Time dependence of electron distribution function at later stages of simulation is
shown in Figure 5. Distribution is not stationary and one can see the oscillation of the
electron spectral distribution due to the influence of magneto-hydrodynamic instabilities,
as described in [61,66]. So we have chosen the electron distribution at time t = 70,000 ω−1

e
for the further modeling.

Recent observations of FBOTs [8–11] discussed above have shown that their syn-
chrotron spectra are strongly influenced by synchrotron self-absorption. At the given time
moment, observable radio fluxes rise as Fν ∝ ν5/2 for low frequencies, then have a peak and
fade with a power law tail, which depends on the particular electron distribution function.
Additionally, the time dependence of such spectrum is very specific and its details could
be used to imply a number of source parameters: the magnetic field and the shock radius
can be determined from the measured maximum of the light-curve Fmax at given frequency
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ν, once the fractions of energy in accelerated electrons and magnetic field εe and εB are
established, with the relations derived by Chevalier [37].
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Figure 4. The electron distribution function in the shock downstream with initial parameters v = 0.3 c,
σ = 2 × 10−4 and θ = 30◦.
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Figure 5. The electron distribution function in the shock downstream at different time moments.
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R =

(
6εBc6

s+5Fmax
s+6D2s+12

εe f (s − 2)πs+5c5s+6E1
s−2

) 1
2s+13 2c1

ν
, (1)

B =

(
εB

236π3c5

εe2 f 2(s − 2)2c63E1
2s−4FmaxD2

) 2
2s+13 ν

2c1
, (2)

where s is the electron spectral index, derived from the power law tail of emissivity
spectrum and its time dependence, c1 , c5, c6 are the Pacholczyk constants [67], depending
on s, E1 is the minimum energy of the electron power law distribution, which usually
equals to the electron rest energy, f is the filling factor—the emitting fraction of the source
volume, and D is the distance to the source. A problem of this method is that it needs
a lot of assumptions about the shock structure and electron distribution. In this model
the emitting region is considered to be a homogeneous flat disk with the radius r and
depth f × r. There is also a model modification for a spherical source with an account
for source inhomogenuity [17]. The electron distribution is considered to be a power law.
Additionally, fractions of energy εe and εB are unknown and are often chosen according
to the equipartition rule εe = εB = 1/3. However the simulation results show, that these
values are unlikely to be that large. Following Chevalier [68] we define the energy fractions
in terms of the upstream kinetic energy density (mp + me)nuv′sh

2, where nu is the upstream

concentration. In this notation εe = Ee/ρuv′sh
2 and εB = B2/

(
8π(mp + me)nuv′sh

2
)

, Ee is
the accelerated electron energy evaluated by subtracting from the total electron energy, that
corresponds to the Maxwell–Juttner fit of the distribution function. The values obtained by
particle-in-cell simulations in our fiducial setup are εe = 0.014 and εB = 0.03. They depend
on the initial conditions, but for a wide variety of parameters we see that the fraction of
energy in magnetic field is lower than 10%. Particle-in-cell simulations have rather small
scales and cannot describe the influence of long wave upstream instabilities caused by high
energy particles, but Monte Carlo simulations show similar values, as described below.

Using the electron distribution function obtained from the PIC simulation we can
evaluate the spectral density of the energy flux of synchrotron radiation from the source,
taking into account the effect of synchrotron self absorption. Standard formulae for that
effect are described in detail in [69]. Emitted power per unit frequency per unit volume is

I(ν) =
∫ Emax

Emin

dE
√

3e3nF(E)B sin(φ)
mec2

ν

νc

∫ ∞

ν
νc

K5/3(x)dx, (3)

where φ is the angle between the magnetic field and the line of sight, νc is the critical
frequency νc = 3e2B sin(φ)E2/4πme

3c5, and K5/3 is the modified Bessel function. The ab-
sorption coefficient is

k(ν) =
∫ Emax

Emin

dE
√

3e3

8πmeν2
nB sin(φ)

E2
d

dE
E2F(E)

ν

νc

∫ ∞

ν
νc

K5/3(x)dx. (4)

The obtained spectral density is further integrated over the volume of the source,
which is described as a spherical shell, whose volume is determined by a filling factor
f = 0.5. Hence the total emissivity and observable flux at distance D can be derived.
The magnetic field B is considered constant and perpendicular to the line of sight. The
concentration in the stellar wind depends on radius as n ∝ r−2, but in the downstream of
the shock we assume it constant. The electron distribution function is also constant in the
volume of the source. This modeling is further applied to explain the spectrum of the FBOT
transient CSS161010. As described in [10] at time t = 357 days after explosion its shock
velocity was vsh = 0.36c, which corresponds to the modeled upstream plasma flow velocity
vs. = 0.3c, measured in the downstream frame. At this moment, parameters derived with
Equations (1) and (2), assuming the equipartition regime εe = εB = 1/3, are as follows:
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the magnetic field B = 0.052 G, the outer radius R = 3.3 × 1017 cm, the concentration
n = 1.9 cm−3, the electron spectral index s = 3.5, which is similar to that obtained from a
PIC simulation, and the minimum energy E1 = 4 mec2.

The thermal electrons may contribute substantially to the observed synchrotron spec-
trum and it was shown in [70] that models with the power law electron distribution might
be oversimplified. Additionally, equipartition regime is not very reasonable assumption.
Thus, the use of the realistic kinetic simulations is important to model broad band radiation
spectra of FBOTs. We have compared the observed fluxes to three models of source emis-
sion, evaluated with power law electron distribution and two distributions obtained from
PIC simulation: with extrapolation of power law tail to higher energies (Emax = 500 mec2)
and without it. For the first case, we have used the parameters described above. In order to
evaluate parameters B and R of the simulated particle distribution, we minimized the func-
tional g(B, R) = ∑(F(νi, B, R)− Fobs(νi))

2, where νi are the observed frequencies, Fobs(νi)
are the observed fluxes and F(νi, B, R)—the modeled fluxes, using the gradient descent
algorithm. We employed six measurements from [10]: four made with VLA at day 357 at
frequencies 1.5, 3.0, 6.05 and 10 GHz and two made by GMRT at day 350 at frequencies
0.33 and 0.61 GHz. Concentration in these equations is determined by the magnetic field
εB, obtained from the PIC simulation. One can see that distribution, obtained directly from
particle-in-cell simulation, cannot correctly fit the power law tail in observational data, so
we had to extrapolate the simulated electron distribution to higher energies because the PIC
approach requires a lot of computational resources and thus is not suitable to simulate the
considered system up to timescales long enough to form a long tail of accelerated particles.
The modeled parameters for extrapolated distribution are B = 0.069 G, R = 3.0 × 1017 cm
and concentration n = 210 cm−3. The values of the magnetic field and radius are rather
close to the values from [10], while the concentration is much higher. These results are
illustrated in Figure 6.
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Figure 6. Observed (green circles) and modeled spectral energy distribution of CSS161010 at day 357
for various model electron distributions.
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One can see that the parameters of the shock (especially the concentration), obtained
from the radiation model strongly depend on the electron distribution function. This
should be kept in mind during interpretation of the observational data.

3. A Monte Carlo Model of Cosmic Ray Acceleration in Fast Transient Sources

We have developed a Monte Carlo model of particle acceleration by collisionless
shock waves. Acceleration occurs according to the first-order Fermi mechanism when
particles are scattered by magnetic fluctuations and cross the shock front many times—the
so-called diffusive shock acceleration (DSA). The distribution function of the accelerated
particles has a significant anisotropy in the upstream of the shock, and this anisotropy
leads to development of plasma instabilities in the upstream. The development of plasma
instabilities also leads to a magnetic field amplification (MFA) in the upstream. The pressure
of the accelerated particles can be on the order of the total momentum flux flowing onto the
shock. In this case, the pressure gradient of the accelerated particles leads to modification
of the plasma flow in the upstream.

The Monte Carlo code employed to describe the DSA and MFA is one-dimensional,
stationary, nonlinear and plane-parallel. We consider acceleration of protons. The non-
relativistic model described in [71] has been modified to be applicable for the case of
relativistic shocks. Within this model all the particles are divided into background and
accelerated ones: the accelerated particles are those that have crossed the shock front
from the downstream to the upstream at least once. The accelerated particles are treated
individually. Background particles are described via macroscopic parameters under the
assumption of their local Maxwell distribution function up to the injection point near the
shock front in the upstream. After this point, the background particles are described as
particles, which allows us not to add any additional parameters to describe the injection
of particles into the acceleration process. During the propagation of particles, they are
scattered elastically and isotropically in the rest frame of the scattering centers according to
the pitch-angle scattering approach [72–76]. The reference frame of the scattering centers
for background particles moves with a speed u(x) relative to the rest frame of the shock.
The rest frame of the scattering centers for accelerated particles moves with a speed
u(x) + vscat(x) relative to the rest frame of the shock. u(x) is the speed of the background
plasma flow. The presence of vscat(x) is due to the fact that with the development of
resonant instability, the modes propagating only in a certain direction relative to the
background plasma are amplified. vscat(x) will be determined below.

Between the scatterings the particles uniformly move straightforward. The distance
between particle scatterings is proportional to its mean free path, which we define as:

λ(x, p) =
1

1
λB,st(x,p) +

1
λss(x,p)

, (5)

where k is the absolute value of the wavenumber of modes that make up magnetic fluctu-
ations, p is the particle momentum, x is the particle coordinate that is counted from the
front of the shock wave. Negative values of x correspond to the upstream, positive values
correspond to the downstream.

λB,st(x, p) =
pc

eBls,st(x, kres)
, (6)

Bls,st(x, k) =

√
4π

∫ k

0
W(x, k)dk, (7)

where W(x, k) is the spectral density of the turbulence energy.

λss(x, p) =
( pc

πe

)2 1∫ ∞
kres

W(x,k)
k dk

, (8)
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kres pc
eBls(x, kres)

= 1, (9)

Bls is the large-scale magnetic field:

Bls(x, k) =

√
4π

∫ k

0
W(x, k)dk + B2

0, (10)

where B0 is the constant longitudinal magnetic field. The particle propagates until it gets
outside of the model box to the far downstream or crosses the free escape boundary (FEB)
located at x = xFEB in the far upstream.

The iterative scheme of the employed numerical model allows us to keep the con-
servation laws of momentum and energy fluxes near the shock front. In the stationary
relativistic case these are are formulated as follows. The law of conservation of particle flux
(automatically kept here) has the form:

γ(x)β(x)n(x) = Fn0, (11)

where γ(x) = 1/
√

1 − β2(x) is the Lorentz factor of the background plasma flow, β(x) =
u(x)/c, n(x) is the background plasma number density, Fn0 is the particle flux in the
far upstream.

The conservation law of momentum flux takes the form:

γ2(x)β2(x)
[
mpc2n(x) + Φth(x) + Φw(x)

]
+ Pth(x)+ Pw(x)+ Fcr

px(x) = Fpx0 +QESC
px , (12)

where Pth(x) is the background plasma pressure, Φth(x) = Γth(x)Pth(x)/(Γth(x)− 1), Γth
is the background plasma adiabatic index, Pw(x) is the turbulence pressure, Pw(x) =

0.5
∫
(k)

W(x, k)dk, Φw(x) = 3Pw(x), Fpx0 is the momentum flux in the far unperturbed

upstream, QESC
px is the momentum flux carried away by the accelerated particles through

the FEB (QESC
px = Fcr

px(xFEB)), Fcr
px(x) is the momentum flux of the accelerated particles.

The conservation law of energy flux takes the form:

γ2(x)β(x)
[
mpc2n(x) + Φth(x) + Φw(x)

]
+ Fcr

en(x) = Fen0 + QESC
en , (13)

where Fen0 is the energy flux in the far unperturbed upstream, QESC
en is the energy flux

carried away by accelerated particles through the FEB (QESC
en = Fcr

en(xFEB)), Fcr
en(x) is the

energy flux of the accelerated particles.
To keep the conservation laws (12) and (13), it is necessary to determine the profile of

the background plasma flow u(x) in the upstream and the full compression by the shock
Rtot by means of an iterative process. At the initial iteration, approximate profiles u(x),
vscat(x) in the upstream, W(x, k) and the full shock compression Rtot are set. Then the
particles are propagated and their distribution function is calculated accordingly. In the
far downstream, the momentum distribution function of all the particles in the rest frame
of the flow is isotropic. Thus, it is possible to determine the adiabatic index of the entire
plasma in the downstream Γp2 based on the obtained particle distribution function. Here
and below, the subscript 0(2) denotes the values in the far upstream (downstream). In these
designations Rtot = β0/β2.

To find the full compression, we write down the flux conservation laws (11), (12)
and (13) for the far upstream and for the downstream.

γ2β2n2 = γ0β0n0, (14)
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γ2
2β2

2

[
mpc2n2 + Φp2 + Φw2

]
+ Pp2 + Pw2 = γ2

0β2
0

[
mpc2n0 + Φth0 + Φw0

]
+

+ Pth0 + Pw0 + QESC
px , (15)

γ2
2β2

[
mpc2n2 + Φp2 + Φw2

]
= γ2

0β0

[
mpc2n0 + Φth0 + Φw0

]
+ QESC

en , (16)

where Pp2 is the pressure of the entire plasma in the downstream, Φp2 = Γp2Pp2/
(
Γp2 − 1

)
.

We determine the current values QESC
en , QESC

px and Γp2 at this iteration of the quantities
from the distribution function obtained after particle propagation. The value Pw2 is also
calculated based on the equation given below. Thus, three unknowns Rtot, Pp2 and n2
remain in the Equations (14)–(16). Solving these equations, we find a new value of Rtot.
The value Rtot for the next iteration is found by averaging the new value and the old one.

A new profile of the flow velocity in the upstream is determined according to the
formula based on (12):

γnew(x)βnew(x) = γold(x)βold(x) +
Fpx0 + QESC

px − Fcr
px(x)− Fth

px(x)− Fw
px(x)

γ0β0mpc2n0
, (17)

where the values obtained after propagation of particles are in the right part of the ex-
pression. The background plasma momentum flux is Fth

px(x) = γ2(x)β2(x)Φth(x) + Pth(x).
The turbulence momentum flux is Fw

px(x) = γ2(x)β2(x)Φw(x) + Pw(x). γold(x)βold(x) is
determined by the flow profile at the previous iteration. Selection of the flow profile based
on the expression (17) in the area where the background flow is described in the form of
particles, works well in the case of non-relativistic motion, when calculating in this area
Fth

px(x) based on the distribution function of background particles. In the relativistic case,
as shown in [77], the momentum flow in the iterative process converges to a greater value
than in the far upstream, when using (17) near the shock wave front. Hence, following [77]
we smooth out the flow profile u(x) near the shock front. The new speed profile is then
averaged with the old one. Below we describe the equations that are used to calculate the
values included in Fth

px(x) and Fw
px(x).

The turbulence energy spectrum defining Fw
px(x) is found based on the solution of the

following equation:

γ(x)u(x)
∂W(x, k)

∂x
+

3
2

∂(γ(x)u(x))
∂x

W(x, k) +
∂Π(x, k)

∂k
=

= G(x, k)W(x, k)−L(x, k), (18)

where L(x, k) is the turbulent energy dissipation. The spectral flux of the turbulent energy
(turbulent cascade) is:

Π(x, k) = − C∗√
ρ(x)

k
11
2 W(x, k)

1
2

∂

∂k

(
W(x, k)

k2

)
, (19)

where ρ(x) is the background plasma density,

C∗ = 3
11

C− 3
2

Kolm, (20)

where CKolm is the Kolmogorov’s constant, which is here taken equal to CKolm = 1.6.
The expression (19) is derived from [78]. G(x, k) is the growth rate of the turbulent energy
in the background plasma rest frame due to plasma instabilities. Similar to [71], here
we considered the growth rate of current instabilities—the Bell’s non-resonant [79] and
resonant instability. The accelerated particle current, which determines the growth rates, is
calculated in the rest frame of the scattering centers, after propagation of particles.
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Differentiating the Equations (12) and (13) by x, using (11), and excluding from the
equations the term proportional to n(x) we get the following relation:

β(x)
(

dΦth(x)
dx

+
dΦw(x)

dx

)
+

dFcr
en(x)
dx

+
1

γ(x)
d(γ(x)β(x))

dx
(Φth(x) + Φw(x)) =

= β(x)

(
dPth(x)

dx
+

dPw(x)
dx

+
dFcr

px(x)
dx

)
. (21)

If we assume that each of the components of the system is affected only by the change
of (γ(x)β(x)), that is, the change in energy and momentum flux occurs adiabatically due
to the change of the flow velocity, we can divide the Equation (21) into separate adiabatic
equations for the components:

β(x)
dΦth(x)

dx
+

1
γ(x)

d(γ(x)β(x))
dx

Φth(x) = β(x)
dPth(x)

dx
, (22)

β(x)
dΦw(x)

dx
+

1
γ(x)

d(γ(x)β(x))
dx

Φw(x) = β(x)
dPw(x)

dx
, (23)

dFcr
en(x)
dx

= β(x)
dFcr

px(x)
dx

. (24)

The Equation (23) in this case is equivalent to the Equation (18) integrated by k in the
absence of MFA and dissipation. In the presence of MFA and dissipation after integration
by k, the Equation (18) will take the form (similar to (23)):

β(x)
dΦw(x)

dx
+

1
γ(x)

d(γ(x)β(x))
dx

Φw(x) = β(x)
dPw(x)

dx
+

+
1

cγ(x)

∫
(k)

G(x, k)W(x, k)dk − 1
cγ(x)

L(x), (25)

where the dissipation term is L(x) =
∫
(k)

L(x, k)dk. Here we use the following expression

for the turbulent energy dissipation:

L(x, k) = vΓ(x)
k2

kth
W(x, k), (26)

vΓ(x) =
Bls(x, kth)√

4πρ(x)
, (27)

kthc
√

kbTth(x)
eBls(x, kth)

= 1, (28)

where kb is the Boltzmann’s constant, Tth(x) is the background plasma temperature
(Pth(x) = n(x)kbTth(x)). In this model, it is assumed that in the downstream Π(x, k) = 0
and L(x, k) = 0.

From the comparison of Equations (23) and (25) one can see that there are two addi-
tional terms in the right side of (25). To fulfill the total energy conservation Equation (21),
these terms must be compensated by introducing additional terms into the equations for
the remaining components of the system. We assume that the dissipation of the turbulent
energy flow leads to heating of the background plasma. An increase in the energy flow
turbulence due to MFA can be compensated by scattering accelerated particles in the frame
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of scattering centers moving with the speed u(x) + vscat(x). Then the equation for the
energy flux of the accelerated particles will take the form:

c
dFcr

en(x)
dx

= [u(x) + vscat(x)]
dFcr

px(x)
dx

. (29)

Within the considered geometry we introduce vscat(x) as follows:

vscat(x) = min
(

vampl(x), vA,e f f (x)
)

, (30)

vampl(x) = −
∫
(k) G(x, k)W(x, k)dk

γ(x)
dFcr

px(x)
dx

, (31)

vA,e f f (x) = − Be f f√
4πρ

, (32)

Be f f (x) =

√
4π

∫
(k)

W(x, k)dk + B2
0, (33)

up to the injection point of the background particles in the upstream. After the injection
point and before the shock front vscat(x) = vampl(x). In the downstream vscat(x) = 0. In
this model, we assume that part of the energy flux taken from the accelerated particle flux
in the region where

∣∣∣vampl(x)
∣∣∣ < ∣∣∣vA,e f f (x)

∣∣∣, goes to heat the background plasma. Thus,
the equation determining the change in the energy flux of the background plasma has
the form:

β(x)
dΦth(x)

dx
+

1
γ(x)

d(γ(x)β(x))
dx

Φth(x) = β(x)
dPth(x)

dx
+

vdiss(x)
c

dFcr
px(x)
dx

+

+
1

cγ(x)
L(x), (34)

where vdiss(x) =
∣∣∣vA,e f f (x)

∣∣∣− ∣∣∣vampl(x)
∣∣∣ if

∣∣∣vampl(x)
∣∣∣ < ∣∣∣vA,e f f (x)

∣∣∣, in the opposite limit
vdiss(x) = 0. After the injection point of background particles and in the downstream
vdiss(x) = 0.

Substituting the expression for Φth(x) into the Equation (34), we obtain the following
equation for the background plasma pressure:

γ(x)β(x)
d

dx
Pth(x)

Γth(x)− 1
+

d(γ(x)β(x))
dx

Γth(x)Pth(x)
Γth(x)− 1

=

= γ(x)
vdiss(x)

c
dFcr

px(x)
dx

+
1
c

L(x). (35)

The solution of the Equation (35) defines Fth
px(x) in the expression (17).

To solve the Equation (18), one needs to set the profile W(x, k) on the FEB x = xFEB. We
define W(xFEB, k) ∼ k−

5
3 —the Kolmogorov’s spectrum at the FEB with the energy-carrying

scale Len. W(xFEB, k) is normalized as follows:

∫
(k)

W(xFEB, k)dk =
B2

0
4π

. (36)

Based on the developed Monte Carlo model, we have performed calculations of
proton acceleration by mildly relativistic shocks, which are thought to come out during
explosions of some SN kinds. In this case, the shocks often propagate into the wind of the
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pre-supernova star. The number density of particles (protons) in the stellar wind can be
estimated as:

nw(r) =
Ṁ

4πvwmpr2 , (37)

where Ṁ is the mass-loss rate of the pre-supernova, vw is the speed of the stellar wind, r
is the distance from the center of the star. For Ṁ = 10−4M�yr−1, vw = 1000 km s−1 and
r = 1015 cm: nw ≈ 3 × 106 cm−3. This estimate is used to estimated the number density
n0 in the far upstream. Len = 3 × 1016 cm in all the calculations. We assume that the free
escape boundary is at 0.2 of the current radius of the shock. The calculation parameters
and their results are presented in Table 1.

ε′B =
B2

e f f ,2

8πγ2
0u2

0mpn0
. (38)

The spatial coordinate x in the figures is measured in rg0 = mpcu0/eB0. For the model
A1: xFEB = −4.782 × 106rg0.

As can be seen from Figure 7, with an increase of the shock speed, the maximum
momentum of accelerated particles increases. The value ε′B also increases with an increase
in the velocity of the shock wave in the range of simulated shock velocities 0.1–0.5 c and
it decreases slightly for the shock velocity of 0.7c (see Table 1) where the transition to
relativistic shock regime occurs. Particle-in-cell simulations of electron and proton spectra
in the trans-relativistic regime were discussed in [61,62].

Table 1. The grid of Monte Carlo calculation parameters.

Model u0 n0, cm−3 xFEB, cm B0, G Be f f ,2, G ε′B
A1 0.1 × c 5 × 105 −5 × 1014 3 × 10−3 2.21 2.6 × 10−2

A1n 0.1 × c 1 × 105 −5 × 1014 3 × 10−3 1.00 2.7 × 10−2

A2 0.1 × c 2.5 × 103 −5 × 1015 3 × 10−4 1.57 × 10−1 2.6 × 10−2

A2b 0.1 × c 2.5 × 103 −5 × 1015 3 × 10−3 1.55 × 10−1 2.5 × 10−2

A3 0.1 × c 25 −5 × 1016 3 × 10−5 1.53 × 10−2 2.5 × 10−2

B1 0.3 × c 5 × 105 −5 × 1014 3 × 10−3 8.57 3.9 × 10−2

C1 0.5 × c 5 × 105 −5 × 1014 3 × 10−3 16.7 4.4 × 10−2

D1 0.7 × c 5 × 105 −5 × 1014 3 × 10−3 26.3 3.8 × 10−2

Figure 8 shows particle distribution functions used for evaluations of the models A1,
A2 and A3, with varying values of xFEB and the magnetic field at the FEB. Note, that with
an increase of the FEB distance, the strength of the magnetic field on the FEB decreases
proportionally. It can be seen that in these configurations the maximum momenta of the
accelerated particles are almost the same. The current of the highest energy particles near
the FEB amplify turbulent fluctuations due to the small-scale Bell’s instability on scales
much smaller than their own gyroradius. In Figure 9, the spectral energy density of the
turbulence is shown at various upstream points for the model A1. Furthermore, it takes
time to significantly amplify the magnetic field, and thus, the amplitude of the amplified
turbulent field in a significant part of the upstream differs slightly from its value at the
FEB (see Figure 10). The gyroradius of the highest energy particles near the FEB turns
out to be significantly larger than the scale of the amplified fluctuations, which leads to
a small contribution of the expression (8) to the free path (5). Thus, the free path (5) of
the highest energy particles in a significant part of the upstream is determined by the
contribution (6) with the initial turbulent field. That is, the free path (5) of the highest
energy particles in a significant part of the upstream is λ(x, p) ∼ p/B0 according to the
normalization (36). The non-relativistic theory of DSA gives a simple estimate of the
maximum momentum pmax in the case of an upstream path independent of the coordinate:
λ(pmax)c/3u0 ≈ xFEB. Accordingly, our model has a good estimate: pmax ∼ B0xFEB.
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In Figure 11, the independence of the maximum particle momentum from the number
density n0 in the far upstream is illustrated. In Figure 12, it is shown, that with an increase
of the magnetic field B0 with the other parameters kept constant, the maximum particle
momentum increases.

10
-1

1

10

10
2

10
3

10
4

10
5

p
4
f(

p
)/

(m
p
c)

-3 0 3 6

Log10 p [mpc]

A1

B1

C1

D1

Figure 7. Particle distribution function in the shock rest frame, thick curves correspond to the point
x = 0 (the front shock), thin curves correspond to a point x = xFEB. The correspondence of the
certain model Table 1 is reflected in the legend.

We have made the following estimate of the acceleration time τa of the particles
to their maximum momentum. In the estimation, we assume that the mean free path
of the highest energy particles with momentum pmax in most of the upstream can be
estimated by the gyroradius in the magnetic field B0. Thus, taking into account that
the magnetic field in the downstream is much stronger and, accordingly, the diffusion
coefficient of particles is much smaller than in the upstream τa ≈ 3D(pmax)/u2

0, where
D(pmax) = λ(pmax)c/3 ≈ pmaxc2/3eB0 is the diffusion coefficient of the highest energy
particles in the upstream. Accordingly, the estimate of the particle acceleration time to the
momentum pmax has the form:

τa ≈ 3.5 × 105
( u0

0.1c

)−2
(

B0

3 × 10−3G

)−1( pmax

105mpc

)
s. (39)
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Figure 8. The particle distribution function in the shock rest frame, the thick curves correspond to the
point x = 0 (the front shock), the thin curves correspond to the point x = xFEB. The correspondence
to Table 1 is reflected in the legend.

In the considered models we assume that the current radius of the shock is R f =
5|xFEB|. The expansion time of the supernova remnant can be estimated as the ratio of the
current shock radius to the shock velocity. Accordingly, the estimate for the expansion time
has the form:

τexp ≈ 8.3 · 105
( |xFEB|

5 · 1014cm

)( u0

0.1c

)−1
s. (40)

It can be seen from the expressions (39), (40) that the expansion time is longer than
the acceleration time for the model (see Table 1), the maximum momentum can be es-
timated from Figure 7, which confirms the self-consistency of the stationary model we
have employed.
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Figure 9. Spectral turbulent energy density for the model A1. The green solid curve corresponds
to the point x = xFEB. The blue dashed curve corresponds to the point x ≈ 0.75 · xFEB. The red
dash-point curve corresponds to the point x ≈ 0.5 · xFEB. The thin purple dashed curve corresponds
to the point x ≈ 0.1 · xFEB. The thin magenta solid curve corresponds to the point x = 0 (the
shock front).
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Figure 10. Background plasma velocity profile (upper panel) and magnetic field profile (bottom
panel) for the model B1.
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Figure 11. Particle distribution function in the shock rest frame, the thick curves correspond to the
point x = 0 (the front shock), the thin curves correspond to the point x = xFEB. The correspondence
to Table 1 is reflected in the legend.

10
-3

10
-2

10
-1

1

10

10
2

p
4
f(

p
)/

(m
p
c)

-3 0 3 6

Log10 p [mpc]

A2

A2b
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4. Discussion and Conclusions

In order to understand the processes of non-thermal particle acceleration at work
in fast and energetic transients we have carried out and presented above a microscopic
gyro-scale modeling of the collisionless shock structure and non-thermal particle spectra,
which show a strong dependence of both electron and proton acceleration efficiency on the
shock obliquity.

In this context one should keep in mind that the particle-in-cell simulation assumed
a fixed homogeneous magnetic field and cold flow of the incoming particles in the shock
upstream at the boundary of the simulation box. On the other hand, fast non-thermal
particles can penetrate into the upstream plasma flow. It is clear from the results of the
Monte Carlo modeling presented in Section 3 (see, in particular, Figure 10) that the efficient
cosmic ray acceleration at the shock may provide a strong magnetic field amplification and
modification of the upstream plasma flow. The cosmic ray pressure gradient in the shock
upstream decelerates the incoming plasma flow and the cosmic ray driven instabilities may
highly amplify the fluctuating magnetic fields well outside the particle-in-cell simulation
box which is limited by a few hundred of the proton gyroradii around the plasma sub-shock.
Such simulations show the potential importance of the feedback effects which cannot be
modeled with the microscopic particle-in-cell simulations so far. Therefore we have used
here the particle-in-cell model to simulate the electron injection and acceleration in sub and
mildly relativistic shocks of fast energetic transients together with Monte Carlo modeling.
While the Monte Carlo technique describes the structure of upstream flow modified by
the accelerated particles at scales well above the proton gyro-scales, it cannot be used to
simulate the electron injection where particle-in-cell approach is required. Thus, we used
the combination of the two techniques to model radio emission.

In our study, of electron spectrum convergence in quasi-parallel shock of 0.3c speed
we observed some non-monotonic temporal behavior of the electron spectra as it is shown
in Figure 5. This could be due to the development of Bell’s instability as it was found
earlier in [61] and which mediate the quasi-parallel shock structure at proton gyro-scales.
The maximum electron energy achievable in our simulation was about 50 mec2 and we
extrapolate the spectral slope to larger energy. We extended the spectra from 50 to 500 mec2

using the same spectral slope, it is enough to model radio spectra. This is an assumption
in our case. However, the extrapolation seems to be justified by the presence of a power-
law such as a spectral component with a similar slope right after the thermal peak in
Crumley et al. simulation (see the electron spectra presented in Figure 7 [61] in the electron
momentum range between 0.1 and 30 mpc ). A similar spectral component is also apparent
right after the peak of the spectrum in our steady Monte Carlo simulations (see, e.g., our
Figure 8).

We applied 2D kinetic PIC simulations for sub-relativistic flows with velocity of 0.3 c
to model the spectra of electrons and protons. The dynamical range of the full kinetic
PIC simulations is limited but the electron spectrum extrapolated with account for the
results of Monte Carlo simulations is enough to model the observed radio emission in
the fast transients where such fast outflows were found. In the Monte Carlo model the
particle-in-cell simulated domain where the electron injection occurs correspond to the
sub-shock structure which is apparent at x = 0 in Figure 10. The plasma compression ratio
at the sub-shock of the cosmic ray modified shock is about 3 and the spectra of particles
accelerated at the sub-shock in the low energy regime (c.f. the proton spectral slope right
after the peak in Figure 8) are consistent with the ones obtained within the particle-in-cell
simulation dynamical range. The gyroradius of electrons with Lorentz-factor of 1000 in
our simulations is about the gyroradius of protons with Lorentz-factor of 10. The spectral
index of proton distribution simulated with Monte Carlo model at Lorentz-factor of 10 is
consistent with the PIC electron spectrum extrapolated to ∼500 mec2.

This allows to model the non-thermal emission and to understand the origin of the
synchrotron radio emission of FBOTs. Additionally, one may assume an explanation of
their hard X-ray spectrum using the dependence of the electron power law distribution
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index on the shock obliquity. As can be seen in Figure 1 it leads to the presence of relativistic
electron populations of comparable intensities within a range of spectral indices along the
curved shock surface expected in a wide angle outflow. In this case the synchrotron radio
emission could have rather steep spectral indices, while the X-ray component produced by
the inverse Compton scattering of the intense optical radiation by the relativistic electrons
with the harder spectral index may appear to be flatter.

The simplified macroscopic Monte Carlo kinetic model was used in Section 3 to
estimate the maximum energies of the accelerated cosmic ray nuclei. The model accounted
for both the nonlinear feedback effects of the flow modification by the cosmic ray pressure
gradient and magnetic turbulence amplification by cosmic ray driven instabilities in the
upstream of a plain mildly relativistic shock. The model demonstrated a possibility of
PeV regime proton acceleration in the shocks driven by mildly relativistic outflows of fast
energetic transients on a few weeks timescale.

Transient objects of different types such as gamma-ray bursts and tidal disruption
events [80–82] are widely discussed as possible sources of the observed high energy neutri-
nos. The search of PeV gamma-ray sources have recently revealed a number of potential
galactic pevatron sources (see, e.g., [83–86]). The analysis presented in [59] allowed the
authors to conclude that the extended galactic supernova remnants are not likely to be
pevatrons, while some other types of galactic sources associated with the SN events in
the compact clusters of young massive stars [87] and gamma-ray binaries with compact
relativistic stars [88,89] can produce PeV photons and neutrinos. While PeV photons un-
dergo strong attenuation and can be detected mostly from the galactic sources, high energy
neutrinos from extragalactic energetic transients can be detected with currently operating
and future neutrino observatories simultaneously with LSST optical transients detection.

Author Contributions: All of the authors have equally contributed into the paper. A.B. constructed
the model concept. PiC simulations were performed by V.R. Monte Carlo simulations were performed
by S.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research received funding from Russian Science Foundation grant 21-72-20020.

Institutional Review Board Statement: The study did not involve humans or animals.

Informed Consent Statement: The study did not involve humans.

Acknowledgments: We are honored to dedicate this paper to the memory of professor Yury Niko-
laevich Gnedin (1935–2018). His great scientific enthusiasm, competence and the unfailing goodwill
for many years were extremely important for us. We are grateful to the referees for constructive
comments and suggestions. The authors were supported by the RSF grant 21-72-20020. Some of the
modeling was performed at the Joint Supercomputer Center JSCC RAS and some—at the “Tornado”
subsystem of the Peter the Great Saint-Petersburg Polytechnic University Supercomputing Center.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kulkarni, S.R. Towards An Integrated Optical Transient Utility. arXiv 2020, arXiv:2004.03511.
2. Abell, P.A.; Allison, J.; Anderson, S.F.; Andrew, J.R.; Angel, J.R.P.; Armus, L.; Arnett, D.; Asztalos, S.; Axelrod, T.S.; Bailey, S.; et al.

LSST Science Book, Version 2.0. arXiv 2009, arXiv:0912.0201.
3. Gehrels, N.; Chincarini, G.; Giommi, P.e.; Mason, K.; Nousek, J.; Wells, A.; White, N.; Barthelmy, S.; Burrows, D.; Cominsky, L.;

et al. The Swift Gamma-Ray Burst Mission. Astrophys. J. 2004, 611, 1005–1020. [CrossRef]
4. Sunyaev, R.; Arefiev, V.; Babyshkin, V.; Bogomolov, A.; Borisov, K.; Buntov, M.; Brunner, H.; Burenin, R.; Churazov, E.; Coutinho,

D.; et al. The SRG X-ray orbital observatory, its telescopes and first scientific results. arXiv 2021, arXiv:2104.13267.
5. Greiner, J.; Mannheim, K.; Aharonian, F.; Ajello, M.; Balasz, L.G.; Barbiellini, G.; Bellazzini, R.; Bishop, S.; Bisnovatij-Kogan, G.S.;

Boggs, S.; et al. GRIPS—Gamma-Ray Imaging, Polarimetry and Spectroscopy. Exp. Astron. 2012, 34, 551–582. [CrossRef]
6. De Angelis, A.; Tatischeff, V.; Argan, A.; Brandt, S.; Bulgarelli, A.; Bykov, A.; Costantini, E.; Silva. R.C.d.; Grenier, I.A.; Hanlon, L.;

et al. Gamma-ray astrophysics in the MeV range. Exp. Astron. 2021, 51, 1225–1254. [CrossRef]
7. Mereghetti, S.; Balman, S.; Caballero-Garcia, M.; Del Santo, M.; Doroshenko, V.; Erkut, M.; Hanlon, L.; Hoeflich, P.; Markowitz, A.;

Osborne, J.; et al. Time Domain Astronomy with the THESEUS Satellite. arXiv 2021, arXiv:2104.09533.

117



Universe 2022 , 8 , 32

8. Drout, M.R.; Chornock, R.; Soderberg, A.M.; Sanders, N.E.; McKinnon, R.; Rest, A.; Foley, R.J.; Milisavljevic, D.; Margutti, R.;
Berger, E.; et al. Rapidly Evolving and Luminous Transients from Pan-STARRS1. Astrophys. J. 2014, 794, 23. [CrossRef]

9. Margutti, R.; Metzger, B.; Chornock, R.; Vurm, I.; Roth, N.; Grefenstette, B.; Savchenko, V.; Cartier, R.; Steiner, J.; Terreran, G.; et al.
An Embedded X-ray Source Shines through the Aspherical AT 2018cow: Revealing the Inner Workings of the Most Luminous
Fast-evolving Optical Transients. Astrophys. J. 2019, 872, 18. [CrossRef]

10. Coppejans, D.L.; Margutti, R.; Terreran, G.; Nayana, A.; Coughlin, E.; Laskar, T.; Alexander, K.; Bietenholz, M.; Caprioli, D.;
Chandra, P.; et al. A Mildly Relativistic Outflow from the Energetic, Fast-rising Blue Optical Transient CSS161010 in a Dwarf
Galaxy. Astrophys. J. Lett. 2020, 895, L23. [CrossRef]

11. Ho, A.Y.; Perley, D.A.; Kulkarni, S.; Dong, D.Z.; De, K.; Chandra, P.; Andreoni, I.; Bellm, E.C.; Burdge, K.B.; Coughlin, M.; et al.
The Koala: A Fast Blue Optical Transient with Luminous Radio Emission from a Starburst Dwarf Galaxy at z = 0.27. Astrophys. J.
2020, 895, 49. [CrossRef]

12. Nicholl, M.; Blanchard, P.K.; Berger, E.; Chornock, R.; Margutti, R.; Gomez, S.; Lunnan, R.; Miller, A.A.; Fong, W.-f.; Terreran, G.;
et al. An extremely energetic supernova from a very massive star in a dense medium. Nat. Astron. 2020, 4, 893–899. [CrossRef]

13. Weiler, K.W; Panagia N.; Montes, M.J.; Sramek, R.A. Radio Emission from Supernovae and Gamma-Ray Bursters. Ann. Rev.
Astron. Astrophys. 2002, 40, 387–438. [CrossRef]

14. Soderberg, A.M.; Kulkarni, S.R.; Nakar, E.; Berger, E.; Cameron, P.; Fox, D.; Frail, D.; Gal-Yam, A.; Sari, R.; Cenko, S.; et al.
Relativistic ejecta from X-ray flash XRF 060218 and the rate of cosmic explosions. Nature 2006, 442, 1014–1017. [CrossRef]

15. Irwin, C.M.; Chevalier, R.A. Jet or shock breakout? The low-luminosity GRB 060218. Mon. Not. R. Astron. Soc. 2016,
460, 1680–1704. [CrossRef]

16. Nayana, A.J.; Chandra P. uGMRT Observations of a Fast and Blue Optical Transient—AT 2018cow. Astrophys. J. Lett. 2021,
912, L9.

17. Ho, A.Y.; Margalit, B.; Bremer, M.; Perley, D.A.; Yao, Y.; Dobie, D.; Kaplan, D.L.; O’Brien, A.; Petitpas, G.; Zic, A. Luminous
Millimeter, Radio, and X-ray Emission from ZTF20acigmel (AT2020xnd). arXiv 2021, arXiv:2110.05490.

18. Bright, J.S.; Margutti, R.; Matthews, D.; Brethauer, D.; Coppejans, D.; Wieringa, M.H.; Metzger, B.D.; DeMarchi, L.; Laskar,
T.; Romero, C.; et al. Radio and X-ray observations of the luminous Fast Blue Optical Transient AT2020xnd. arXiv 2021,
arXiv:2110.05514.

19. Kremer, K.; Lu, W.; Piro, A.L.; Chatterjee, S.; Rasio, F.A.; Claire, S.Y. Fast Optical Transients from Stellar-mass Black Hole Tidal
Disruption Events in Young Star Clusters. Astrophys. J. 2021, 911, 104. [CrossRef]

20. Metzger, B.D. Kilonovae. Living Rev. Relat. 2019, 23, 1.
21. Moriya, T.J.; Chen K.J.; Nakajima, K.; Tominaga, N.; Blinnikov S.I. Observational properties of a general relativistic instability

supernova from a primordial supermassive star. Mon. Not. R. Astron. Soc. 2021, 503, 1206–1213. [CrossRef]
22. Soderberg, A.; Chakraborti, S.; Pignata, G.; Chevalier, R.; Chandra, P.; Ray, A.; Wieringa, M.; Copete, A.; Chaplin, V.; Connaughton,

V.; et al. A relativistic type Ibc supernova without a detected γ-ray burst. Nature 2010, 463, 513–515. [CrossRef]
23. Corsi, A.; Gal-Yam, A.; Kulkarni, S.; Frail, D.; Mazzali, P.; Cenko, S.; Kasliwal, M.; Cao, Y.; Horesh, A.; Palliyaguru, N.; et al.

Radio Observations of a Sample of Broad-line Type IC Supernovae Discovered by PTF/IPTF: A Search for Relativistic Explosions.
Astrophys. J. 2016, 830, 42. [CrossRef]

24. Imshennik, V.S.; Nadezhin, D.K. Supernova 1987A in the Large Magellanic Cloud: Observations and theory. Sov. Sci. Rev. Sect. E
1989, 8, 1–147.

25. Matzner, C.D.; McKee, C.F. The Expulsion of Stellar Envelopes in Core-Collapse Supernovae. Astrophys. J. 1999, 510, 379–403.
[CrossRef]

26. Tan, J.C.; Matzner, C.D.; McKee, C.F. Trans-Relativistic Blast Waves in Supernovae as Gamma-Ray Burst Progenitors. Astrophys. J.
2001, 551, 946–972. [CrossRef]

27. MacFadyen, A.I.; Woosley, S.E.; Heger, A. Supernovae, Jets, and Collapsars. Astrophys. J. 2001, 550, 410–425. [CrossRef]
28. Lazzati, D.; Morsony, B.J.; Blackwell, C.H.; Begelman, M.C. Unifying the Zoo of Jet-driven Stellar Explosions. Astrophys. J. 2012,

750, 68. [CrossRef]
29. Margutti, R.; Milisavljevic, D.; Soderberg, A.; Guidorzi, C.; Morsony, B.; Sanders, N.; Chakraborti, S.; Ray, A.; Kamble, A.; Drout,

M.; et al. Relativistic Supernovae have Shorter-lived Central Engines or More Extended Progenitors: The Case of SN 2012ap.
Astrophys. J. 2014, 797, 107. [CrossRef]

30. Corsi, A.; Lazzati, D. Gamma-ray burst jets in supernovae. New Astron. Rev. 2021, 92, 101614. [CrossRef]
31. Suzuki, A.; Maeda, K. Supernova ejecta with a relativistic wind from a central compact object: A unified picture for extraordinary

supernovae. Mon. Not. R. Astron. Soc. 2017, 466, 2633–2657. [CrossRef]
32. Suzuki, A.; Maeda, K. Three-dimensional Hydrodynamic Simulations of Supernova Ejecta with a Central Energy Source.

Astrophys. J. 2019, 880, 150. [CrossRef]
33. Suzuki, A.; Maeda, K. Two-dimensional Radiation-hydrodynamic Simulations of Supernova Ejecta with a Central Power Source.

Astrophys. J. 2021, 908, 217. [CrossRef]
34. Grassberg, E.K.; Imshennik, V.S.; Nadyozhin, D.K. On the Theory of the Light Curves of Supernovae. Astroph. Space Sci. 1971,

10, 28–51. [CrossRef]
35. Chevalier, R.A.; Irwin C.M. Shock Breakout in Dense Mass Loss: Luminous Supernovae. Astrophys. J. Lett. 2011, 729, L6.

[CrossRef]

118



Universe 2022 , 8 , 32

36. Tolstov, A.G.;. Blinnikov, S.I; Nadyozhin, D.K. Coupling of matter and radiation at supernova shock breakout. Mon. Not. R.
Astron. Soc. 2013, 429, 3181–3199. [CrossRef]

37. Chevalier, R.A. Synchrotron Self-Absorption in Radio Supernovae. Astrophys. J. 1998, 499, 810–819. [CrossRef]
38. Waxman, E.; Katz, B. Shock Breakout Theory. In Handbook of Supernovae; Alsabti, A.W., Murdin, P., Eds.; Springer: New York, NY,

USA, 2017; p. 967.
39. Budnik R.; Katz, B.; Sagiv A.; Waxman, E. Relativistic Radiation Mediated Shocks. Astrophys. J. 2010, 725, 63–90. [CrossRef]
40. Levinson, A. Plasma kinetic effects in relativistic radiation-mediated shocks. Phys. Rev. E 2020, 102, 063210. [CrossRef] [PubMed]
41. Granot, A.; Nakar, E.; Levinson, A. Relativistic shock breakout from a stellar wind. Mon. Not. R. Astron. Soc. 2018, 476, 5453–5463.

[CrossRef]
42. Ito, H.; Levinson, A.; Nakar, E. Monte Carlo simulations of fast Newtonian and mildly relativistic shock breakout from a stellar

wind. Mon. Not. R. Astron. Soc. 2020, 499, 4961–4971. [CrossRef]
43. Marcowith, A.; Bret, A.; Bykov, A.; Dieckman, M.E.; Drury, L.O.C.; Lembège, B.; Lemoine, M.; Morlino, G.; Murphy, G.; Pelletier,

G.; et al. The microphysics of collisionless shock waves. Rep. Prog. Phys. 2016, 79, 046901. [CrossRef] [PubMed]
44. Sironi, L.; Spitkovsky, A. Particle Acceleration in Relativistic Magnetized Collisionless Pair Shocks: Dependence of Shock

Acceleration on Magnetic Obliquity. Astrophys. J. 2009, 698, 1523–1549. [CrossRef]
45. Pelletier, G.; Bykov, A.; Ellison, D.; Lemoine, M. Towards Understanding the Physics of Collisionless Relativistic Shocks.

Relativistic Collisionless Shocks. Space Sci. Rev. 2017, 207, 319–360. [CrossRef]
46. Bell, A.R.; Schure, K.M.; Reville, B.; Giacinti G. Cosmic-ray acceleration and escape from supernova remnants. Mon. Not. R.

Astron. Soc. 2013, 431, 415–429. [CrossRef]
47. Bell, A.R.; Araudo, A.T.; Matthews, J.H.; Blundell, K.M. Cosmic-ray acceleration by relativistic shocks: Limits and estimates.

Mon. Not. R. Astron. Soc. 2018, 473, 2364–2371. [CrossRef]
48. Lemoine, M.; Waxman E. Anisotropy vs. chemical composition at ultra-high energies. J. Cosmol. Astropart. Phys. 2009, 2009, 009.

[CrossRef]
49. Bykov, A.; Gehrels, N.; Krawczynski, H.; Lemoine, M.; Pelletier, G.; Pohl, M. Particle Acceleration in Relativistic Outflows. Space

Sci. Rev. 2012, 173, 309–339. [CrossRef]
50. Zhang, B.T.; Murase, K. Ultrahigh-energy cosmic-ray nuclei and neutrinos from engine-driven supernovae. Phys. Rev. D 2019,

100, 103004. [CrossRef]
51. Samuelsson, F.; Bégué, D.; Ryde, F.; Pe’er, A.; Murase, K. Constraining Low-luminosity Gamma-Ray Bursts as Ultra-high-energy

Cosmic Ray Sources Using GRB 060218 as a Proxy. Astrophys. J. 2020, 902, 148. [CrossRef]
52. Bykov, A.M.; Ellison, D.C.; Marcowith, A.; Osipov, S.M. Cosmic Ray Production in Supernovae. Space Sci. Rev. 2018, 214, 41.

[CrossRef]
53. Zirakashvili, V.N.; Ptuskin, V.S. Type IIn supernovae as sources of high energy astrophysical neutrinos. Astropart. Phys. 2016,

78, 28–34. [CrossRef]
54. Murase, K.; Franckowiak, A.; Maeda, K.; Margutti, R.; Beacom, J.F. High-energy Emission from Interacting Supernovae: New

Constraints on Cosmic-Ray Acceleration in Dense Circumstellar Environments. Astrophys. J. 2019, 874, 80. [CrossRef]
55. Sironi, L.; Keshet, U.; Lemoine, M. Relativistic Shocks: Particle Acceleration and Magnetization. Space Sci. Rev. 2015, 191, 519–544.

[CrossRef]
56. Ptuskin, V.;Zirakashvili, V.; Seo, E.-S. Spectra of Cosmic-Ray Protons and Helium Produced in Supernova Remnants. Astrophys. J.

2013, 763, 47. [CrossRef]
57. Blasi, P. The origin of galactic cosmic rays. Astron. Astrophys. Rev. 2013, 21, 70. [CrossRef]
58. Amato, E. The origin of galactic cosmic rays. Int. J. Mod. Phys. D 2014, 23, 1430013. [CrossRef]
59. Cristofari, P. The Hunt for Pevatrons: The Case of Supernova Remnants. Universe 2021, 7, 324. [CrossRef]
60. Park, J.; Caprioli, D.; Spitkovsky, A. Simultaneous Acceleration of Protons and Electrons at Nonrelativistic Quasiparallel

Collisionless Shocks. Phys. Rev. Lett. 2015, 114, 085003. [CrossRef]
61. Crumley, P.; Caprioli, D.; Markoff, S.; Spitkovsky, A. Kinetic simulations of mildly relativistic shocks—I. Particle acceleration in

high Mach number shocks. Mon. Not. R. Astron. Soc. 2019, 485, 5105–5119. [CrossRef]
62. Romansky, V.I.; Bykov, A.M.; Osipov, S.M. Electron and ion acceleration by relativistic shocks: particle-in-cell simulations. J.

Phys. Conf. Ser. 2018, 1038, 012022. [CrossRef]
63. Derouillat, J.; Beck, A.; Pérez, F.; Vinci, T.; Chiaramello, M.; Grassi, A.; Flé, M.; Bouchard, G.; Plotnikov, I.; Aunai, N.; et al.

SMILEI : A collaborative, open-source, multi-purpose particle-in-cell code for plasma simulation. Comput. Phys. Commun. 2018,
222, 351–373. [CrossRef]

64. Esirkepov, T.Z. Exact charge conservation scheme for Particle-in-Cell simulation with an arbitrary form-factor. Comput. Phys.
Commun. 2001, 135, 144–153. [CrossRef]

65. Guo, X.; Sironi, L.; Narayan, R. Non-thermal Electron Acceleration in Low Mach Number Collisionless Shocks. I. Particle Energy
Spectra and Acceleration Mechanism Astrophys. J. 2014, 794, 153. [CrossRef]

66. Romansky, V.I.; Bykov, A.M.; Osipov, S.M. On electron acceleration by mildly-relativistic shocks: PIC simulations. J. Phys. Conf.
Ser. 2021, 2103, 012009. [CrossRef]

67. Pacholczyk, A.G. Radio Astrophysics. Nonthermal Processes in Galactic and Extragalactic Sources; Freeman: San Francisco, CA, USA,
1970.

119



Universe 2022 , 8 , 32

68. Chevalier, R.A.; Fransson, C. Thermal and Non-thermal Emission from Circumstellar Interaction. In Handbook of Supernovae;
Alsabti, A.W., Murdin, P., Eds.; Springer: New York, NY, USA, 2017; p. 875.

69. Ghisellini, G. Radiative Processes in High Energy Astrophysics; Springer International Publishing: Cham, Switzerland, 2013;
Volume 873.

70. Margalit, B.; Quataert, E. Thermal Electrons in Mildly Relativistic Synchrotron Blast Waves. Astrophys. J. Lett. 2021, 923, L14.
[CrossRef]

71. Bykov, A.M.; Ellison, D.C.; Osipov, S.M.; Vladimirov, A.E. Magnetic Field Amplification in Nonlinear Diffusive Shock Accelera-
tion Including Resonant and Non-resonant Cosmic-Ray Driven Instabilities. Astrophys. J. 2014, 789, 137. [CrossRef]

72. Jones, F.C.; Ellison, D.C. The plasma physics of shock acceleration. Space Sci. Rev. 1991, 58, 259–346. [CrossRef]
73. Ellison, D.C.; Baring, M.G.; Jones, F.C. Nonlinear Particle Acceleration in Oblique Shocks. Astrophys. J. 1996, 473, 1029. [CrossRef]
74. Vladimirov, A.E.; Bykov, A.M.; Ellison, D.C. Turbulence Dissipation and Particle Injection in Nonlinear Diffusive Shock

Acceleration with Magnetic Field Amplification. Astrophys. J. 2008, 688, 1084–1101. [CrossRef]
75. Vladimirov, A.E.; Bykov, A.M.; Ellison, D.C. Spectra of Magnetic Fluctuations and Relativistic Particles Produced by a

Nonresonant Wave Instability in Supernova Remnant Shocks. Astrophys. J. Lett. 2009, 703, L29–L32. [CrossRef]
76. Vladimirov, A. Modeling Magnetic Field Amplification in Nonlinear Diffusive Shock Acceleration. Ph.D. Thesis, North Carolina

State University, Raleigh, NC, USA 2009.
77. Ellison, D.C.; Warren, D.C.; Bykov, A.M. Monte Carlo Simulations of Nonlinear Particle Acceleration in Parallel Trans-relativistic

Shocks. Astrophys. J. 2013, 776, 46. [CrossRef]
78. Matthaeus, W.H.; Oughton, S.; Zhou, Y. Anisotropic magnetohydrodynamic spectral transfer in the diffusion approximation.

Phys. Rev. E 2009, 79, 035401. [CrossRef]
79. Bell, A.R. Turbulent amplification of magnetic field and diffusive shock acceleration of cosmic rays. Mon. Not. R. Astron. Soc.

2004, 353, 550–558. [CrossRef]
80. Farrar, G.R.; Piran, T. Tidal disruption jets as the source of Ultra-High Energy Cosmic Rays. arXiv 2014, arXiv:1411.0704.
81. Murase, K.; Waxman, E. Constraining high-energy cosmic neutrino sources: Implications and prospects. Phys. Rev. D 2016,

94, 103006. [CrossRef]
82. Murase, K.; Kimura, S.S.; Zhang, B.T.; Oikonomou, F.; Petropoulou, M. High-energy Neutrino and Gamma-Ray Emission from

Tidal Disruption Events. Astrophys. J. 2020, 902, 108. [CrossRef]
83. Aharonian, F.; Yang, R.; de Oña Wilhelmi, E. Massive stars as major factories of Galactic cosmic rays. Nat. Astron. 2019, 3, 561–567.

[CrossRef]
84. Amenomori, M.; Bao, Y.; Bi, X.; Chen, D.; Chen, T.; Chen, W.; Chen, X.; Chen, Y.; Cui, S.; Ding, L.; et al. First Detection of sub-PeV

Diffuse Gamma Rays from the Galactic Disk: Evidence for Ubiquitous Galactic Cosmic Rays beyond PeV Energies. Phys. Rev.
Lett. 2021, 126, 141101. [CrossRef] [PubMed]

85. Cao, Z.; Aharonian, F.; An, Q.; Bai, L.; Bai, Y.; Bao, Y.; Bastieri, D.; Bi, X.; Bi, Y.; Cai, H.; et al. Ultrahigh-energy photons up to 1.4
petaelectronvolts from 12 γ-ray Galactic sources. Nature 2021, 594, 33–36. [CrossRef]

86. Dzhappuev, D.; Afashokov, Y.Z.; Dzaparova, I.; Dzhatdoev, T.; Gorbacheva, E.; Karpikov, I.; Khadzhiev, M.; Klimenko, N.;
Kudzhaev, A.; Kurenya, A.; et al. Observation of Photons above 300 TeV Associated with a High-energy Neutrino from the
Cygnus Region. Astrophys. J. Lett. 2021, 916, L22. [CrossRef]

87. Bykov, A.M.; Ellison, D.C.; Gladilin, P.E.; Osipov S.M. Ultrahard spectra of PeV neutrinos from supernovae in compact star
clusters. Mon. Not. R. Astron. Soc. 2015, 453, 113–121. [CrossRef]

88. Kimura, S.S.; Sudoh, T.; Kashiyama, K.; Kawanaka, N. Magnetically Arrested Disks in Quiescent Black Hole Binaries: Formation
Scenario, Observable Signatures, and Potential PeVatrons. Astrophys. J. 2021, 915, 31. [CrossRef]

89. Bykov, A.M.; Petrov, A.E.; Kalyashova, M.E.; Troitsky, S.V. PeV photon and neutrino flares from galactic gamma-ray binaries.
Astrophys. J. Lett. 2021, 921, L10. [CrossRef]

120



universe

Review

Studies of Magnetic Chemically Peculiar Stars Using the 6-m
Telescope at SAO RAS

Iosif Romanyuk

Citation: Romanyuk, I. Studies of

Magnetic Chemically Peculiar Stars

Using the 6-m Telescope at SAO RAS.

Universe 2021 , 7 , 465. https://

doi.org/10.3390/universe7120465

Academic Editors: Nazar R. Ikhsanov,

Galina L. Klimchitskaya, Vladimir M.

Mostepanenko and Lorenzo Iorio

Received: 25 October 2021

Accepted: 28 November 2021

Published: 29 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Special Astrophysical Observatory, 369167 Nizhnij Arkhyz, Russia; roman@sao.ru; Tel.: +7-87822-93359

Abstract: We present a survey of the most important results obtained in observations with the 6-m
telescope in the studies of magnetic fields of chemically peculiar stars. It is shown that we have
found more than 200 new magnetic chemically peculiar stars, which is more than 30% of their total
known number. Observations of ultra-slow rotators (stars with rotation periods of years and decades)
have shown that there are objects with strong fields among them, several kG in magnitude. In the
association of young stars in Orion, it has been found that the occurrence and strength of magnetic
fields of chemically peculiar stars decrease sharply with age in the interval from 2 to 10 Myr. These
data indicate the fossil nature of magnetic fields of chemically peculiar stars. About 10 magnetic stars
were found based on ultra-accurate photometry data obtained from the Kepler and TESS satellites. A
new effective method of searching for magnetic stars was developed. In addition, the exact rotation
periods make it possible to build reliable curves of the longitudinal field component variability
with the phase of the star’s rotation period, and hence to create its magnetic model. The survey is
dedicated to the memory of Prof. Yuri Nikolaevich Gnedin.

Keywords: magnetic field; chemically peculiar stars; observation

1. Yuri Gnedin, a Researcher of Stellar Magnetism

Prof. Yuri Nikolaevich Gnedin is a prominent Russian theoretical physicist. In the
field of astrophysics, his studies of the polarized radiation transfer in the inhomogeneous
environment, the study of objects with a super strong magnetic field, the polarization and
magnetic field of quasars and active galaxy nuclei, and the search for axions and other
unusual objects are widely known.

From 1993 to 2015, Yuri Gnedin was the Chairman of the Russian Telescope Time
Allocation Committee (RTTAC)1. The Committee members develop the scientific program
of our several largest telescopes. The RTTAC includes the Russian leading astronomers
working in various fields.

The author of this paper worked together with Yuri Gnedin for many years as the
scientific secretary of the above Committee. As a rule, RTTAC worked twice a year in SAO
RAS and the arrival of the Committee members was an event for the astronomers of the
observatory. Each time, open sessions were held, during which leading scientists talked
about the latest science news, and telescope time applicants reported on their observation
programs. Yuri Gnedin regularly made reports on the most important events in science
that have taken place in recent years. His open mindedness allowed him to estimate the
importance of the already completed works and the prospects for future research.

Research on stellar magnetism was one of the main areas of his activity. We will
mention here some of the main studies: Gnedin et al. [1], Gnedin [2], Gnedin et al. [3–5],
and others. Yuri Gnedin’s scientific interest mainly was in the studies of objects with strong
and very strong magnetic fields (including magnetic white dwarfs and polars).

However, he also solved more general problems associated with stellar magnetism.
The classical monograph by Dolginov et al. [6] “Propagation and polarization of radiation
in cosmic media” discusses the magnetism of stars of different types, and the more recent
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paper by Gnedin and Silant’ev [7] summarizes the main theories of the light polarization
mechanism by cosmic particles.

His colleagues will be able to write about Yuri Gnedin’s papers in the field of the-
oretical astrophysics in more detail. But he obviously made a great contribution to the
development of the origin and evolution of stellar magnetic fields theory. Prof. Gnedin has
always supported stellar magnetism studies with the 6-m telescope.

Thanks to the efforts of the staff of the Special Astrophysical Observatory of the
Russian Academy of Sciences (SAO RAS), the 6-m telescope was equipped for measuring
stellar magnetic fields which allowed our scientists to carry out observations of various
objects and be among the leaders in this field of science.

2. Studies of Magnetic Stars with the 6-m Telescope

2.1. Some General Issues in the Stellar Magnetism Studies

The study of stellar magnetism is one of the most important areas of research in
modern observational astrophysics. The world’s largest telescopes are equipped with the
appropriate instruments for this purpose. The magnetic field is responsible for a variety
of outbursts, explosions, and other manifestations of non-stationarity in our Galaxy and
beyond. Techniques for measuring magnetic fields in various objects are still imperfect
and insufficiently developed. Often, even the world’s largest telescopes are not powerful
enough to obtain results of the required accuracy. Therefore, our knowledge of stellar
magnetic fields is fairly superficial.

As a theoretician, Yuri Gnedin wondered: how can one find observation evidence
of the efficiency of some or other mechanisms of the stellar magnetic field formation and
evolution? This question is one of the key questions in modern observational astrophysics.

It is well known that the magnetic field of the Sun has a two-component structure:
Hale [8] discovered a strong (2 kG) magnetic field in spots; and only after almost half a
century, Babcock [9] found its weak (1–2 G) total surface magnetic field. The process of
formation, evolution, and dissipation of the local magnetic field of the Sun spots is perfectly
observed and explained in detail. Fields in the spots arise due to convective motions of the
magnetized plasma in the Solar atmosphere. The duration of one cycle from occurrence to
disappearance of a field takes days or weeks [10,11]. It must be assumed that Solar-like
and other stars with convective atmospheres have powerful local magnetic fields formed
in their atmospheres.

The nature of formation of the stellar global magnetic field is completely different.
Obviously, these are not atmospheric phenomena; they are the result of overall processes
occurring in the entire star. But if, by analogy with the Sun, they are weak (of about several
G), then the accuracy of modern measurement methods is still too low for a detailed study
of such a magnetic field. Therefore, to solve the problem of the large-scale magnetic field
formation, it is necessary to find such objects, where global, but strong, fields are observed.
Fortunately, such objects exist: chemically peculiar (CP) stars. Babcock [12] discovered
strong (measured in kG) coherent magnetic fields in these objects, which were measured
with a sufficiently good accuracy making it possible to analyze them.

The methods and techniques of measuring stellar magnetic fields stepped forward
compared to those of the time, when Babcock worked. But Babcock’s basic ideas are
relevant to this day. To study the stellar magnetism, he designed a special differential
circular polarization analyzer that split the light beam, entering the spectrograph slit, into
two circularly polarized components [9]. Using the longitudinal Zeeman effect, Babcock
synchronously obtained two spectra with the opposite orientation of circular polarization.
The lines in these spectra are shifted relative to each other in proportion to the magnetic
field strength and the Lande factor of the line. By measuring several tens of lines on
a photographic plate, Babcock found their average shift and calculated the magnetic
field longitudinal component Be averaged over the entire visible surface. The fact that
the spectra were registered in the same photographic plate made it possible to remove
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numerous small instrumental effects and sharply (by an order of magnitude) increased the
accuracy of measurements.

Observing the polarized spectra in different phases of the rotation period, it was
possible to build the Be variations with time and build a field model (if it was strong and
close to dipole). When working with photographic plates, it was impossible to achieve
more. But with the introduction of CCDs, the accuracy of spectrum measurements has
increased dramatically; the signal-to-noise ratio has increased typically by 1–2 orders. It
became possible to obtain high-accuracy polarized profiles of spectral lines with details
corresponding to the spots of chemical abundance. This made it possible to analyze the
line profiles and develop methods of the Doppler and then magnetic imaging [13,14] of
chemically peculiar stars.

The Mapping Methods

The mapping methods were first used in the study of chemically peculiar stars, but
now they have become widespread in the study of other objects. More information on the
history and methods of magnetic field measurements can be found in the series of papers
by Romanyuk [15–17].

2.2. Magnetic CP-Stars

It turned out that about 10–15% of all A and B stars of the Main Sequence (MS) have
anomalous chemical abundance. Anomalies consist in a significant increase of abundances
in some of the selected chemical elements heavier than iron and in a weakening of calcium
and light elements. But the most prominent increase is observed in the lines of chromium,
strontium, and especially rare-earth elements. Chemically peculiar stars have strong stable
magnetic fields that have not changed for decades. How the chemical abundance anomalies
and the presence of a magnetic field are related is not completely clear. Do all CP stars
have a global magnetic field?

Chemically peculiar stars are easily distinguished by their spectra. Antonia Maury
first classified them in 1897 when compiling the Henry Drapper (HD) catalog by eye
viewing of low-quality (by modern standards) photographic plates. Subsequently, as-
tronomers, using different methods, found new chemically peculiar stars and the most
complete catalog of such objects (which currently has over 8000 stars) was compiled
by Renson and Manfroid [18].

Surface chemical anomalies are not uniformly located but in the form of spots or rings.
This leads to the observed photometric and spectral variability of the star. Brightness and
spectral features of such stars vary repeatedly with a period of axial rotation. Having a
limited set of observational characteristics, it becomes possible to describe the star within
the frame of the oblique rotator model [19].

The existence of CP stars with strong magnetic fields makes it possible, from an
observational point of view, to set the task of studying the formation and evolution of the
large-scale magnetic field of these and related objects. In fact, there are many options for
the formation of magnetic fields in stars, but two of them stand out particularly [20]:

• the fossil theory, according to which no field is currently generated but we observe
only the consequences of earlier processes (it does not matter how and when the field
appeared) before the arrival of the star on the Main Sequence [21–24];

• different types of the dynamo theory, according to which the generation also occurs
during the life of a star on the Main Sequence [25–27];

• merger scenario, there is growing evidence that interaction in binaries or multiple
stars plays a role in the generation in magnetic fields [28].

If the field generation on the Main Sequence does not occur, then magnetic fields of
young stars should be greater than those of old ones. And if the dynamo mechanism works,
then the field strength should depend on the rotation velocity: it should be higher for fast
rotators. All observation tests are built based on these principles [20,29].
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Attempts to find correlations of the magnetic field strength with age or with the
rotation velocity have been made several times before [30–32] and many others. But no
reliable results were obtained. Borra [33] found the field weakening with age from the study
of magnetic stars in the Orion OB1 association. Other results were obtained in the paper by
Thompson et al. [32], in which the magnetic fields of 13 stars in the Sco–Cen association
were measured and no differences were found in two samples of stars of different ages.

The reason for this is the relatively low determination accuracy of the field strength
and the lack of magnetic stars with known rotation periods, as well as very large errors in
determining the age of stars. To begin with, the process of measuring a magnetic field itself
is far from an ordinary procedure. In order to perform such work, a large telescope and
special spectropolarimetric instruments are needed. Therefore, magnetic measurements are
quite rare. The relative accuracy of measurements rarely exceeds 20% which is an obstacle
to the detection of the required weak effects. In addition, the measurement method allows
one to obtain the data on the longitudinal field component only. To compare the results for
different stars, it is necessary: to obtain a series of observations for each object in different
phases of the rotation period and to build the phase variability curve of the longitudinal
field Be. And finally, to build a magnetic field model. Only in this case, it is possible to
compare the magnetic fields of different objects. The fields are usually compared at the
dipole pole Bp. It is an extremely time-consuming task that requires long-term observations
to cover the entire rotation period of a star and complex modeling of a magnetic field, since
often the magnetic field variations cannot be described by a simple dipole.

The main spectrographs that perform spectropolarimetric measurements in the world
are: FORS1/22 at the 8-m VLT telescope, HARPSpol3 at the 3.6 m ESO telescope, the
same-type NARVAL4 at the 2-m Telescope Bernard Lyot and ESPaDOnS5 at the 3.6-m
CFHT, and Main Stellar Spectrograph (MSS6 at the 6-m BTA.

For our research at the 6-m BTA telescope, the Main Stellar Spectrograph (MSS) [34]
with a circular polarization analyzer has been actively used for more than 40 years [35].
The observation and data reduction methods are described, for example, in the papers
by Romanyuk et al. [36], Kudryavtsev et al. [37]. The exposure time is chosen so that the
signal-to-noise ratio (S/N) in the spectra exceeds 150–200. The main bulk of the spectra
covers the 4450–4950 Å wavelength region with the mean resolution R = 15,000. The
instrument allows us to observe the stellar magnetic fields of the magnitude mV = 11m.
In addition to the magnetic field, the circularly polarized spectra obtained with it can be
used to measure the radial velocity VR and the projected rotation velocity ve sin i. But the
low resolution of MSS does not permit to estimate ve sin i values for slowly rotating stars:
ve sin i < 20 km s−1. More than 20 thousand spectra were received with this spectrograph.

The FORS1/2 spectropolarimeter with the spectral resolution R = 2000 is very effec-
tively used to search for faint magnetic stars in clusters of different ages [38]. To date, this
instrument allows studying the magnetic fields of the weakest objects, up to the magnitude
mV = 13m, which is a record for permeability. With other telescopes, it is impossible to
observe objects weaker than those observed with FORS1/2.

Besides these instruments, magnetic measurements are being carried out at several
other observatories in the world (e.g., [39]), but the amount of data obtained with them is
much smaller.

In order to obtain high-quality observed data required for building magnetic and
chemical maps of the surface of CP stars, it is necessary to obtain a series of high-resolution
spectra in different phases of the rotation period. The HARPSpol (R > 100,000), ESPaDOnS,
and NARVAL high-resolution spectrographs (R = 65,000) are intended for observing the
four Stokes parameters of magnetic stars for measuring very weak magnetic fields of
bright stars with an accuracy of about 1 G [40–42]. The results of observations with these
spectropolarimeters are successfully used for magnetic mapping not only of chemically
peculiar stars but also of other types of objects [43]. Mapping technique requires long and
periodic observations to exclude data redundancy for each object. Such job is not possible
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to realize with the largest telescopes, because of high pressure to their time. So the work
can actually be done with moderate-sized telescopes.

Theoretical calculations have shown that the ohmic decay of a field, if there is no field
generation on the Main Sequence, occurs very slowly, the decay time is comparable to the
lifetime of a star on it [29]. Since a slow decrease in the magnetic field strength with age is
assumed, a large number of high-accuracy observations of MS stars of different ages are
required to reveal the effect. So far, the field measurement errors are so large that trends
cannot be detected.

Another problem is determining the age of stars. For single stars of the galactic field,
errors in the age determination can exceed 100% [44,45]. The age of field stars is determined
from the evolutionary tracks based on the effective temperature and surface gravity found
using the spectra. The initial data, especially for stars with anomalous chemical abundance,
are not very reliably determined. This, in turn, results in large errors in determining the
age of CP stars. Since both components (the field and the age) are found with large errors,
it has not been possible to find any reliable relationship between these values until now.

The problem of determining the age of CP stars was repeatedly analyzed by John
Landstreet and he came to the conclusion that the best solution is to carry out observations
of stars in clusters of different ages; in this case, the accuracy and reliability increase
significantly. The star is assigned the age of the cluster, in which it is located. Of course, the
reliability depends on cluster membership, i.e. on the astrometric data. Results of GAIA
essentially improved the quality of astrometric data and in many cases, known members
were excluded from clusters.

The search for correlations between the field and the rotation velocity, which is ex-
pected by the dynamo mechanism, also presents great difficulties. The number of magnetic
CP stars with the determined periods and, hence, the rotation velocities, is still insufficient.

Some tendencies (the faster the rotation is, the stronger the field is) are visible, but
since fast rotators are mainly young hot stars, it was not possible to finally give preference
to any hypothesis [20]. Summarizing the issue (formed 30 years ago) with studies of the
evolution of a large-scale magnetic field, we proposed a large program for studying these
objects with the 6-m telescope.

Systematic integrated observations were supposed to be carried out in three main directions.

• Searching for new magnetic CP stars. This is necessary because the available sample
of stars was not enough for statistical studies.

• Searching for magnetic stars with very long rotation periods and building the variabil-
ity curves of the longitudinal field component with the rotation period phase. This is
necessary to test the assertion that slow rotators cannot have a strong field, according
to the dynamo mechanism. Nevertheless, that could have worked at some other stage
of the stellar evolution, so it cannot be excluded.

• Performing a large number of measurements of magnetic fields of young and old
stars, members of open clusters of different ages. If there is no generation on the Main
Sequence, then the fields of young stars should be systematically large.

This program has been running for over 30 years. Of course, our work was not
done in isolation from the rest of the world. Astronomers world-wide have received new
impressive results that have made it possible to clarify a lot in the evolution theory of the
stellar magnetic field. Below, we present an overview of long-term observations at the
6-m telescope with the results obtained at other telescopes and the conclusions, to which
they led.

3. Research Results Obtained from Observations at the 6-m BTA Telescope

Measurements of the magnetic field at the BTA have been carried out since 1977, from
the very beginning of the telescope scientific programs. The instruments for magnetic field
measurements were developed, manufactured, and implemented in observations by the
SAO RAS staff: G. A. Chountonov, I. D. Naidenov, and V. G. Shtol under the leadership of
Yu. V. Glagolevskij [46].
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By the mid-70s of the last century, Babcock had already completed his observations.
Significant contribution to understanding the structure of the magnetic field of CP stars was
made by Preston. Angel and Landstreet built and implemented Balmer magnetometer, and
its team carried out effective studies of magnetic stars. Magnetic fields of white dwarfs [47]
were detected; it was found that stars with anomalous helium lines also have large-scale
magnetic fields. An overview of normal A and B stars showed the absence of magnetic
fields in them. In this context, observations of magnetic fields began at the 6-m telescope
in 1977.

3.1. Search for New Magnetic Stars

By the mid-80s of the twentieth century, 126 magnetic chemically peculiar stars were
found [48]. This amount was very small for building various statistical dependencies.
Therefore, we started a large program at the BTA with the aim of searching for new
magnetic CP stars. However, finding new magnetic stars is not easy. The problem is that
the spectra of magnetic CP stars do not actually differ from the spectra of non-magnetic
such objects. The Zeeman effect with kilo-Gauss fields has too little influence on spectral
lines leading to their insignificant broadening invisible in the moderate spectral resolution
observations. Experience has shown that the large fraction of chemically peculiar stars has
magnetic fields below the limit of detection [49].

Observing all CP stars indiscriminately with a large telescope to search for their
magnetic fields is extremely ineffective. We have proposed a new approach to solving this
issue. The point is that using not only the chemical abundance anomalies, but also the
energy distribution anomalies of CP stars is necessary. Kodaira and Unno [50] found that
wide and short depressions are observed in the continuum of CP stars. The strongest of
them is located at the wavelength about λ = 5200 Å which has a depth of up to 5%.

The most successful, in our opinion, photometric measurements were carried out in
the mid-band Geneva system. One of the filters of this system was centered on the region
λ = 5200 Å, which made it possible to carry out numerous observations of different stars.
The Swiss astronomers Cramer and Maeder [51] found a correlation between the so-called
Z parameter of the Geneva photometric system, which characterizes the depression depth,
and the magnetic field strength on the surface of CP stars. The reason for the appearance
of such a correlation is not entirely clear; most likely, the effect of magnetic amplification of
the lines takes place. Observations of about 30 thousand objects were carried out in the
seven-color Geneva system [52], the Z parameters are determined for several thousand
CP stars.

A similar system, the Δa photometry, was developed at the Vienna observatory. Mid-
band special filters were made, one of them was centered at the wavelength λ = 5200 Å, and
the other two were in the continuous spectrum at a distance of about 200 Å from the center
of the depression. A large series of observations was carried out by Maitzen et al. [53] in
the specified region. The applicability of photometric methods strongly depends on the
spectral type of the studied stars.

Using the photometric data, we have selected more than 100 previously unstudied
stars with a strong depression in the continuum, believing that the proportion of magnetic
stars among them is more typical. The approach proved to be efficient. In the period from
1998 to 2005, we carried out observations of 96 CP stars with a circular polarization analyzer
at the 6-m telescope; and magnetic fields were found for 72 of them for the first time [37].
Thus, 75% of the candidates appeared to be actually magnetic stars. The efficiency of our
searches has tripled compared to that with the commonly used method. This allowed our
group to become leading in the number of magnetic stars found. More than 10 objects
turned out to be stars with very strong magnetic fields, the longitudinal component of
which was greater than 3 kG [37,54–57].

By about 2010, we have completed observations of all stars with strong depressions.
Unfortunately, our list has been completed. At both Geneva and Vienna observatories,
mid-band photometric observations were discontinued. We carried out observations of all
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objects with strong depressions, the data for which were obtained from observations of
the mid-band photometry. Nevertheless, we continued to search for new magnetic stars.
We proposed other criteria: strong anomalies and variability of helium lines in hot stars,
very strong lines of rare-earth elements for cool ones, the presence of periodic photometric
variability, etc. The efficiency of these criteria is not so high, the fraction of successful
searches for new magnetic stars has decreased; nevertheless, it amounts to 40–50% of all
the observed magnetic star candidates.

We discover about 10 new magnetic CP stars every year. The total number of such
objects found by us is more than 200, i.e., more than 1/3 [58] of the total number of currently
known magnetic stars. The results are published annually in a series of papers; currently
the latest paper is by Romanyuk et al. [36].

Of course, our observatory is not the only in the world, in which searches for magnetic
stars are carried out. The world largest telescopes were involved in this work. First of all,
the very extensive MiMeS survey should be noted, the purpose of which is to search for the
magnetic fields of massive stars. More than 500 objects were observed, 35 new magnetic
stars were found [59]. For the first time, large-scale magnetic fields have been found in O
stars, similar in structure to the fields of A and B stars. It was found that all five known
Of?p stars have magnetic fields. The first, unfortunately unsuccessful attempt was made to
detect a magnetic field outside of our Galaxy, in the Magellanic clouds [60].

Another program, “B fields in OB stars (BOB)”, is in many ways similar to the previous
one. With FORS2 and HARPSpol, they carried out carried out observations of about 70 stars
and found that the proportion of magnetic stars is 7%, which is in full agreement with the
results of the previous studies [61].

From earlier papers, let us note the paper by Bagnulo et al. [38], in which a large
number of magnetic stars were found with the FORS1 VLT in open clusters of different
ages. Note that the observations with FORS1 were carried out for stars up to magnitude 13,
which are extremely weak and unobservable for other telescopes. This made it possible to
study magnetic stars features in dozens of open cluster. It should be noted that the new
GAIA data revised membership of large number of stars in clusters. Thus, we can see
that the new magnetic CP stars were discovered mainly with the 8-m VLT telescope in the
southern hemisphere and with the 6-m BTA telescope in the northern one.

Searches for magnetic stars were also carried out with other telescopes but in much
smaller volumes. The number of known magnetic CP stars has now exceeded 600 [58],
which allows one to carry out a variety of statistical studies. Resumption the mid-band
photometric observations in the depression region at λ = 5200 Å would help us effi-
ciently speed up the search for new magnetic stars. But new possibilities of spectroscopy
have appeared.

The paper by Hümmerich et al. [62] reports the identification of chemically peculiar
stars based on the LAMOST spectroscopic survey7. Candidates were identified by the
spectra based on the presence of a depression at λ = 5200 Å. The GAIA parallaxes were
used to analyze the spatial distribution and their properties in the color-magnitude diagram.
The final sample by the authors contains 1002 CP stars, most of them are new discoveries:
only 59 objects are in the catalogs of peculiar stars. The ages of all the objects range from
100 million to 1 billion years, the masses range from 2 to 3 M�. As a result of this study, the
sample of the known CP stars in our Galaxy has been significantly increased. Although,
the amount of the found magnetic stars is still insufficient to build their spatial distribution
in the Galaxy, few of them have yet been found in open clusters of different ages. But it is
already clear that the upper limit of the surface field of these objects is about 34 kG.

More than 60 years ago, Babcock [63] found the star HD 215441 with a magnetic field
of 34 kG on the surface. Despite all attempts, it was not possible to find a star with a
stronger field. Apparently, fields of greater magnitude cannot be generated during the CP
star formation. Magnetic stars are observed in all regions of the Galaxy: in open clusters
and in a field of up to 1 kpc. There is no reason to believe that they can not exist farther
away, just modern technical capabilities do not allow their observations to be carried out.
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To date, no particular regions with a great or small number of magnetic stars in the Galaxy
have been found.

The next task to be solved is to find out whether there is a connection between the
distribution of magnetic stars and their field strengths with the structure of the Galactic
magnetic field. For this purpose, it is necessary to continue the search for new magnetic
stars especially distant and, therefore, weak.

3.2. CP Stars with Very Long Rotation Periods

Chemically peculiar stars rotate slower than normal ones, as was shown by Preston [64]
and was certainly confirmed later. In normal stars without any spectral variability, one can
find only the projected rotation velocities on the line of sight using the line broadening due
to rotation.

The chemical abundance anomalies of CP stars are located non-uniformly over their
surface. When the star rotates, regions with different chemical abundances fall on the line
of sight; therefore, the spectral variability is observed. The variability proved to be periodic
and undoubtedly associated with the rotation of the star. For many stars, the period of this
variability was determined, and hence the actual rotation velocities on its surface, since the
radii of the stars are well known.

After the magnetic field was discovered in CP stars, the large-scale measurements of
the longitudinal field component Be began. It turned out that in a number of cases, the peri-
odic variability indicates very long variability periods: months and
years. Preston [65], Preston and Wolff [66] noticed this fact for the first time. The spectral
and photometric variability with periods of years and decades cannot be detected. Very
small variations that last for many years can be masked by observation systematic errors.
The only reliable option is to measure the longitudinal field component. It has been found,
in this way, that the rotation period of the star γ Equ is very large: more than 70 years [67].

From the point of view of the dynamo theory of generation of the field at the MS
should be a dependence: the faster the star rotates, the stronger the field can be generated.
Theoretical calculations are complex and their results depend on many unobservable
boundary conditions. Therefore, the theory provides an opportunity for verification in
observations: it is necessary to carry out observations of fast and slow rotators and compare
their magnetic fields. Such studies have been performed repeatedly before, but have not
led to reliable definite conclusions. The main reason is that fast rotators are predominantly
young hot stars; there are no slow rotators among them. And slow rotators are older cool
stars, among which there are no fast rotators. The second reason is that there are still few
stars with known rotation periods. The periods found are often erroneous.

In recent years, owing to spacecraft launches, the situation has been improving;
however, there is still little data. Yes, in general, a certain trend is visible: the field decrease
with the decrease in the rotation velocity, but it is possible that this is a dependence on
temperature and age, and not on the parameters of rotation. To solve this problem, we
proposed observing the magnetic field of stars with very long rotation periods: years and
decades. If a field is found in such stars, then this will contradict the dynamo theory. The
rotation energy in this case is too weak to generate a strong magnetic field.

There were assumptions for such a task. Even Babcock [67] found that the longitudinal
magnetic field of the cool peculiar star γ Equ varies very slowly with a probable period of
about 70 years. Later, dozens of magnetic observations of this object were carried out. A
very long rotation period is confirmed [68,69]; however, an interesting phenomenon was
found: over time, observations show an increase in the period. Since even one observation
cycle of its magnetic field has not been completed yet, it is not clear whether the rotation of
the star slows down or whether the Be variability curve is anharmonic; and until the full
cycle is completed, the exact rotation period of γ Equ is unknown.

The recent rotation periods and the literature on the period estimates can be found in
the papers by Savanov et al. [68], Bychkov et al. [69]. The star’s rotation period is estimated
as 95 years; nevertheless, it has a strong magnetic field, the longitudinal component of
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which exceeds 1 kG. From the split components, due to the Zeeman effect, it was found
that the surface field of the star reaches 4 kG [70]. The presence of such a star was a strong
argument against the efficiency of the dynamo mechanism in magnetic CP stars. For a
long time, this star was the only one with such characteristics. It was necessary to check
whether there were more similar objects. More than 20 years ago, we began a program of
searches for and further observations of stars with very long rotation periods. We took
the works by astronomer Mathys as a basis, in which he was looking for CP stars with
split Zeeman components. The results of his many years of studies are summarized in
the comprehensive paper by Mathys [28]. Overall, he found 43 stars with split Zeeman
components. This phenomenon can be observed only in stars with a strong magnetic field
and very narrow lines in the spectra: the projected rotation velocity on the line of sight
ve sin i (does not exceed 10 km s−1). Very narrow lines mean either a small value of sin i
(the rotation pole is facing the observer) or very slow rotation.

We have carried out observations of about 15 stars with narrow lines from the lists
of the paper by Wade et al. [71]. Among them, three stars with very long rotation periods
were discovered. We have carried out observations covering the whole rotation cycle with
a period phase. For two more stars, the observations continue. Another star, γ Equ, has
been observed for over 70 years all over the world, but the full rotation period has not yet
been obtained.

Long-term observations were required to build the variability curve of the longitu-
dinal field component Be with the phase of the rotation period. The presence of such a
phase curve, along with the data on the surface magnetic field obtained from the split
Zeeman components, allows one to obtain the data necessary for building a stellar magnetic
field model.

We carried out observations with a rotation period phase for three stars, each of which
has the longitudinal field component greater than 1 kG. For HD 18078, a rotation period of
1358 days was found. The geometric structure of its magnetic field is in agreement with the
first-order collinear model; the dipole axis does not pass through the center of the star. The
phase curve of the longitudinal component field Be is strongly anharmonic which indicates
an unusual magnetic structure (for more detail, see the paper by Mathys et al. [72]).

The next star, HD 50169, has been observed in various observatories for 30 years start-
ing with the paper by Babcock [73]. The longitudinal field component was measured with
the 6-m telescope; the modulus of the magnetic field from the split Zeeman components
was determined at ESO. We found that the rotation period of the star is 29 years. This is
the star with the longest period, the observations of which lasted more than one rotation
period. In this star, the magnetic field is not symmetrical according to the axis passing
through the center of the star [74].

The magnetic field of the chemically peculiar star HD 965 was discovered by us [75].
Further magnetic monitoring showed that the star is a very slow rotator [76]. The results of
the HD 965 study are presented in the paper by Mathys et al. [77]. The rotation period of
the star is shown to be 16.5 years. The magnetic field is symmetrical to the axis passing
through the center of the star. It is well represented as a superposition of collinear dipole,
quadrupole, and octupole.

In addition to these three stars, we are measuring two more with very long rotation
periods, but it is necessary to carry out observations in all phases in order to build the
curve. Recently, Mathys et al. [78] published the results of a study of the rapidly oscillating
roAp star HD 166473, whose rotation period is 10.5 years. In all these cases, a magnetic
field is observed, the longitudinal component of which exceeds 1 kG. All the objects are
cool magnetic stars with effective temperatures of about 7000–8000 K [79]. At least some of
them (γ Equ [80], HD 166473) exhibit fast brightness and spectrum oscillations.

We can see that the presence of ultra-slow rotators is a rare phenomenon but not
accidental. The fact that we observe exactly ultra-slow rotation and not a cyclic process (like
the Solar 11-yr cycle) has been proven repeatedly, for example, in the paper by Mathys [28].
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The obtained data indicate that the reference system of magnetic measurements is
stable: the data obtained with different telescopes, spectrographs, and using detectors
of different types do not lead to principal differences in the data obtained from observa-
tions. The standard system of magnetic measurements in SAO is stable for decades and
corresponds to the international one.

Available data unambiguously indicate that the generation mechanism cannot create
a strong field with such slow rotation: several degrees per year for γ Equ. Thus, the
hypothesis of the fossil magnetic field formation receives new weighty evidence.

3.3. Magnetic Fields of Stars in the Association in Orion

Another direction of research, that is actively developing at the 6-m telescope, is
observations of chemically peculiar stars in open clusters of different ages. We have
selected 17 clusters ranging in age from several million to hundreds of millions of years,
of which at least three CP stars are the members. The program implies the magnetic
field measurements of about 200 stars, the members of these clusters, in order to study
the dependences of the field strength on age. We have completed the observations and
analyzed the data obtained for the Orion OB1 association.

In the Orion constellation, at a distance of about 400 pc, there is one of the most famous
groups of early-type stars: the Orion OB1 association. The structure of the association is
very complex, it consists of various star clusters, gaseous and dust nebulae. Millions of
different objects were discovered in it: maser sources, protostars of the τ Tau and Ae/Be
Herbig type, OBA stars of the Main Sequence, various emission objects, etc.

Blaauw [81] made the first attempt to analyze the association structure and identified
four subgroups: 1a, 1b, 1c, and 1d which differed in age and stellar composition. Subgroup
1a belongs to the northern region of the association, subgroup 1b is the Orion’s belt, 1c
is the region south of the Orion’s belt, and 1d is a very compact area in the center of the
association within subgroup 1c.

3.3.1. CP Stars in the Association

The most complete catalog of the association’s stellar population is presented in
the paper by Brown et al. [82]; it has 814 objects. The number of A and B stars in it is
approximately the same (about half) and there is a small number of O stars.

Using various literary sources, in particular the catalog by Renson and Manfroid [18],
we selected 85 chemically peculiar stars in the association. We can see that the proportion of
such objects in it is 10.4% and corresponds to the average for the whole sample of chemically
peculiar stars. Learn more about the star selection from the paper by Romanyuk et al. [83].

The bulk of the selected objects are B stars with strong or weak (in comparison with the
Solar abundance) helium lines, with strong silicon lines, as well as early A stars with strong
lines of metals and rare-earth elements. The paper by Brown et al. [82] was published
before the publication of the results of the HIPPARCOS mission, so we decided check the
belonging of objects to the association using parallaxes. The average distance to it is about
400 pc. Using the parallaxes of the HIPPARCOS and GAIA missions, we found that the
23 coolest peculiar stars with strong metal lines do not belong to the association, they are
foreground objects and are located at distances from 100 to 300 pc. Thus, for observations
with the 6-m telescope, we have selected 62 potentially magnetic chemically peculiar stars.

The association in Orion includes a large number of stars with anomalous helium lines.
The researchers could not disregard this fact. Borra and Landstreet [30] first discovered
several magnetic stars among objects with strong helium lines in the association. Borra [33]
found magnetic braking and magnetic field decay; the evidence was obtained from ob-
servations of stars in the association. Based on observations of 13 chemically peculiar
stars in the association in Orion, he found that magnetic stars in Orion have magnetic
fields stronger than older stars by a factor of the order of three. He found a short decay
time (about 100 million years), which he explained by the movements of masses inside
the star. But in the paper by Thompson et al. [32], based on studies of magnetic stars in
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another young association, Sco–Cen, no significant differences were found in the magnetic
field strength of young and old stars. Thus, it is unclear whether a rapid decrease of the
field strength with age is characteristic only of the association in Orion, or there are some
systematic errors in these studies.

Note that both results were obtained with the Balmer magnetometer [47]; classical
spectropolarimetry using metal lines was not performed. In any case, these results turned
out to be too small in number to solve the problem of the origin of the strong large-scale field
and anomalies in the chemical abundance of CP stars. Therefore, we decided to carry out a
large-scale program to search for and study magnetic fields in the Orion OB1 association.

3.3.2. Magnetic CP Stars in the Association

The first question that arises concerns the completeness of the sample of chemically
peculiar stars in the association. The average distance to it is about 400 pc, which corre-
sponds to the distance module |V − MV| ∼ 8m magnitudes. In the association, the vast
majority are B stars with the absolute magnitude MV = −3 . . . 0 and only three are early
A stars. Even taking into account the interstellar and circumstellar extinction, they are
all brighter than mV > 10 magnitude. Such bright objects are well studied, presented
in different catalogs, and the omission of some peculiar star is unlikely. Therefore, we
consider the completeness of the sample to be sufficient.

We decided to perform a magnetic survey of all 62 potentially magnetic CP stars in
the association. The observations were carried out between 2013 and 2021. The observation
results and analysis by subgroups are published in the papers by Romanyuk et al. [84–86].
They present the results of measurements of each CP star in the association subgroups, and
describe in detail the methods of observation, data reduction, and analysis. An important
feature that should be taken into account is that in most cases only the longitudinal
component of the field Be can be obtained in observations averaged over the whole visible
surface of the star. In order to estimate the actual field strength in some region on the stellar
surface, simulation is required, which cannot be carried out without knowing the rotation
period. Therefore, it was decided to use the root-mean-square magnetic field and use χ2/n
(see Romanyuk et al. [85], section: Comments on Individual Stars, formulas 1, 2, 3).

Based on the results of the analysis of the association CP stars, it has been found that
the root-mean-square magnetic fields in subgroups 1a and 1c are on average the same, but
the reliability of identifying the magnetic stars in subgroup 1c is much higher. And in the
Orion’s belt in the young 1b subgroup, the magnetic field is almost three times stronger
(see Table 1).

Table 1. Root-mean-square fields of magnetic stars in different subgroups of the Orion OB1 association.

Subgroup log t 〈Be〉, G σ, G χ2/n

1a 7.0 1286 229 29.8
1b 6.2 3014 212 266.6
1c 6.6 1074 145 92.5

It was also found that the proportion of CP stars in the association relative to all
A and B stars drops sharply with age. The youngest 1d subgroup is a separate issue; it
contains only three CP stars [87]. It is possible that all these objects are Ae/Be Herbig
stars. From one-dimensional spectra, it is difficult to distinguish the indicated objects with
the Hα emission from a hot star simply located in the nebula, and emission in Hα is not a
signature of a star but the radiation of the nebula itself. To solve this problem, additional
high-resolution observations are needed in the Hα region.

We found that the magnetic fields of stars in the Orion’s belt (subgroup 1b) are
about three times stronger than those in the older 1a and 1c subgroups [86]. The result
is consistent with that obtained by Borra [33]. Thus, not only the proportion of magnetic
stars in the youngest part of the association, the Orion’s Belt, but also the field strength
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in it is significantly higher than those in other parts of the association. We also note that,
contrary to our expectations, the strongest magnetic field for the Orion OB1 association
stars is observed not in its center, in the star formation regions, but on its periphery. Two
stars with the strongest fields, HD 34736 and HD 37776, are on the periphery. In the Orion
Nebula, in the star formation center, there is only one magnetic star HD 37017 with a strong
field, the longitudinal component of which is 2 kG.

While working on the magnetic survey of the association, we noticed that among
the peculiar stars included in the catalog by Parenago [88], there were very few magnetic
stars. The catalog contains the stars from the Great Orion Nebula, all are in subgroups 1c
and 1d of the association. One can expect that in the regions with high polarization and
circumstellar extinction, in which star formation is apparently taking place, stars with the
strongest magnetic fields could be found. However, the situation is exactly the opposite: 12
out of 24 stars of subgroup 1c are included in the Orion Nebula, 3 of them are magnetic and
9 are non-magnetic; 3 CP stars of subgroup 1d are included in the Orion Nebula, and none
of them has a strong field. Since there are only 13 magnetic stars in subgroup 1c, it turns out
that outside the Nebula we have 9 magnetic and 2 non-magnetic stars. And magnetic stars
form in the regions with weak linear polarization and extinction (Romanyuk et al. [86]).

One way or another, we obtain the data about the reliable difference in the magnetic
properties of stars inside and outside the Orion Nebula. The proportion of magnetic stars
in the nebula is four times smaller and the average magnetic field is two times weaker than
those of objects outside it.

By the mid-80s of the last century, mono-channel digital instruments were actively
introduced in observations: first reticons and then CCDs. This made it possible not only to
study a stellar magnetic field as a whole but also to analyze the polarized profiles of metal
lines and, thus, the stellar magnetic field structure.

The paper by Thompson and Landstreet [89] was one of the first, in which they report
the discovery of a very strong quadrupole field of the star HD 37776 with anomalously
strong helium lines. Subsequently, this star was repeatedly studied and a strong complex
field was confirmed. Here, let us note the analysis performed by Khokhlova et al. [90] based
on the data obtained from long-term (about 15 years) observations at the 6-m telescope
using the Doppler–Zeeman imaging method. A new analysis of the magnetic field structure
of the star based on our observations was published in the paper by Kochukhov et al. [91],
which also contains the distribution maps of some chemical elements over the surface of
the star.

Within the MiMeS project, a new magnetosphere model of the rapidly rotating star
σ Ori E was built [92]. The high spectral resolution observations were carried out with
the NARVAL and ESPaDOnS spectropolarimeters. The field model built shows significant
differences from a simple dipole configuration. Bohlender and Landstreet [93] performed
observations and built a field model of the star δ Ori C with strong helium lines.

A total of 31 magnetic stars have been found in the association in Orion. However,
the variability curves of the longitudinal component with the rotation period phase were
obtained only for the following 25 objects (see Table 2).

For these stars, the rotation periods and fundamental parameters were found and
magnetic models were built. Therefore, the Orion OB1 association already has more or less
reliable data for making generalization.
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Table 2. List of objects, for which the phase curve of the magnetic field variability is built in the Orion
OB1 association.

Star Citation

HD 34736 Semenko et al. [94]
HD 34859 Romanyuk et al. [84]
HD 35177 Romanyuk et al. [84]
HD 35298 Yakunin [95]
HD 35456 Romanyuk et al. [96]
HD 35502 Sikora et al. [97]
HD 36313 Borra [33], Romanyuk et al. [85,96]
HD 36485 Romanyuk et al. [85], Bohlender et al. [98], Yakunin et al. [99]
HD 36526 Borra [33], Romanyuk et al. [96]
HD 36668 Borra [33], Romanyuk et al. [85,100]
HD 36916 Romanyuk et al. [86,100]
HD 36955 Romanyuk et al. [85]
HD 36997 Romanyuk et al. [86]
HD 37017 Borra and Landstreet [30], Bohlender et al. [101]
HD 37058 Romanyuk et al. [86]
HD 37140 Romanyuk et al. [86]
HD 37333 Romanyuk et al. [85]
HD 37479 Bohlender et al. [101]
HD 37633 Romanyuk et al. [85]
HD 37687 Romanyuk et al. [86]
HD 37776 Thompson and Landstreet [89], Kochukhov et al. [91], Romanyuk et al. [102]
HD 40146 Romanyuk et al. [85]
HD 40759 Romanyuk et al. [86]

HD 290665 Romanyuk et al. [85]
HD 294046 Romanyuk et al. [84]

3.4. Mapping the Surface of CP Stars

As we wrote above, after the introduction of CCDs in observations, which allowed
obtaining high-accuracy spectroscopic data, methods for analyzing spotted stars using the
Doppler–Zeeman imaging methods were developed. Since our data were obtained at the
6-m telescope with a moderate-resolution spectrograph, it can be used for mapping only
the stars with very strong magnetic fields, for example, HD 37776. Since new results have
been obtained in the analysis with mapping methods, we present here a brief overview of
the most important papers in this direction.

The pioneer papers belong to Khokhlova [13], Khokhlova et al. [90], where the main
ideas of using methods to solve the inverse problem for reconstructing the maps of the
chemical element distribution over the stellar surface using the spectral line profiles are
presented. Further, Piskunov and Khokhlova [14] developed the Zeeman–Doppler imaging
methods. Piskunov and Wehlau [103] showed that, when a very high S/N ratio is obtained,
the stellar surface mapping can also be performed using the moderate-resolution spectra.

Significant contribution to the development of spectroscopy and spectropolarimetry
was the creation of the Vienna Atomic Line Data Base (VALD8) [104]. This made it possible
to unify the analyses performed by different groups of researchers. The further develop-
ment of the “Spectroscopy made easy” software package by Piskunov et al. [105] made it
possible to significantly speed up the estimation of the physical parameters of stars using
the method of atmospheric models.

The papers by Piskunov and Kochukhov [106], Kochukhov and Piskunov [107] outline
the basic principles of mapping used by the authors. It is shown that calculations require
using a cluster of parallel computers. As examples, we present several papers, in which
the Doppler–Zeeman imaging of different magnetic CP stars was performed.
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In the paper by Kochukhov et al. [108], mapping of the field and distribution of
elements over the surface of the star α2 CVn was fulfilled. It was found that the magnetic
field of the star is dominated by the dipole component with small contribution from the
quadrupole component. The distribution of elements over the surface is related to the
configuration of the magnetic field. Despite critics by Stift and Leone [109], Zeeman-
Doppler Imaging (ZDI) remains to be the main method of surface mapping in the case
of magnetic CP stars. In the paper by Kochukhov et al. [110], mapping field of 53 Cam
based on the results of observations of 4 Stokes parameters is performed. The magnetic
field of the star is found to be complex and cannot be described by low-order multi
polar expansion. The distributions of spots of some chemical elements over the stellar
surface were reconstructed. The paper by Kochukhov et al. [91] presented mapping
of magnetic field and some chemical elements of the star HD 37776 with an extremely
complex and strong magnetic field. New results were obtained when modeling 4 Stokes
parameters. The basic principles and application to specific stars are presented in the paper
by Silvester et al. [111].

At the end of the section, let us mention a paper by Yakunin et al. [112] on magnetic and
chemical mapping of the star HD 184927 with anomalous helium lines. The fundamental
parameters of the star were found, the maps of the distribution of chemical elements and
magnetic field were built.

The magnetic and chemical mapping requires a large number of high-accuracy obser-
vations with the rotation period phase of the star under study. Therefore, for each object
under study, as a rule, maps are built once with very rare exceptions. For the most famous
star α2 CVn, the maps were built several times. However, the accuracy of earlier maps is
significantly worse than that of modern ones. Therefore, it is impossible to assess whether
there is a measurement of the field structure or the migration of chemical abundance spots
over the surface. Most likely there is no migration, because the brightness variability curve
of, e.g., α2 CVn has been perfectly described by the Farnsworth [113] ephemerides for
90 years.

3.5. High-Accuracy Photometry and Variability Searches

Photometric studies are much more common than spectroscopic and magnetic studies.
This is mainly due to the greater availability of instruments: it is much easier to build
a photometer than a spectrograph, and there is also no need to observe stars with large
telescopes. The photometric studies are less informative than spectroscopic ones; however,
high-accuracy photometry makes it possible to study the weak variability typical of chemi-
cally peculiar stars. The light curves can be used to determine whether the spots of certain
chemical elements are hot or cold.

Very slow rotation period variations were found for a number of stars. For the
repeatedly mentioned star HD 37776, Mikulášek et al. [114], found that the increase in the
rotation period was equal to 18 s over 31 years of observations. In the paper, the data of
magnetic observations at the 6-m telescope were used. Soon the second such star HR 7355
was found [115]. New data showed that the rotation period of HD 37776 peaked in 2003
and then began to shorten [116]. The authors explain the phenomenon by the presence of a
magnetic outer shell.

Paunzen et al. [117] found the first brightest spotted CP stars in Large Magellanic
Cloud (LMC).

A new epoch in the photometry of CP stars began after the successful Kepler, MOST,
ASAS, and especially TESS missions. Here, we will not describe many new results obtained
from these satellites. Let us turn our attention only to the studies carried out under
cooperative agreement with magnetic measurements at the 6-m telescope. In the paper
by Mikulášek et al. [118], two variable chemically peculiar stars are studied based on the
MOST and Kepler photometry. From the spectra obtained with the 6-m telescope, both
were found to be magnetic.
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In the fields of the Kepler satellite, (in the paper by Hümmerich et al. [119]) many
variable stars have been found, whose light curves resemble those for CP stars. As a
result, a sample of 41 stars was obtained, in which the chemical peculiarity was confirmed;
39 stars are new CP stars. The authors consider the stability of the light curve to be the
main criterion for selecting CP stars among many thousands of targets.

The paper by Romanyuk et al. [120] presents the results of measurements of the
magnetic field of 8 CP stars and one candidate from the Kepler field obtained with the
spectropolarimeter of the 6-m telescope. A strong magnetic field has been found in 5 stars,
the status of 3 stars is not yet quite clear: additional observations are needed.

The data obtained with the TESS mission intended to search for exoplanets are of
particular interest. The MOBSTER collaboration was created to study the variability of
massive magnetic stars and intermediate-mass stars using the high-accuracy photometry
data from this satellite. David-Uraz et al. [121] presented the first results of studies of
magnetic OBA stars carried out by the MOBSTER collaboration. Observations of 19 already
known magnetic OBA stars were carried out in sectors 1 and 2 of the TESS mission. The
authors determined the exact periods from the newly obtained light curves and compared
them with the previously published ones. The advantages of using high-accuracy TESS
data were demonstrated. Mathys et al. [122] found long-period CP candidates based on the
TESS data. The authors have found 60 such objects in the southern hemisphere, 31 of which
are already known to have a long rotation period, and 23 are new discoveries. In the paper
by Mikulášek et al. [116], new results obtained for the unique star HD 37776 are discussed.
Very high-accuracy data from the TESS satellite showed that the light curve is difficult
to reproduce using a standard model with chemical photometric spots and solid-body
rotation. It seems that HD 37776 is a unique target among magnetic chemically peculiar
stars with no analogs yet found.

4. Conclusions

We demonstrate that the 6-m telescope has been carrying out intense observations
of stars of different types for the last 40 years. In this survey, we consider only magnetic
chemically peculiar stars.

We have found over 200 new magnetic CP stars. Together with the data obtained in
other observatories, there is currently the material on more than 600 such objects. This
allowed one to significantly expand the understanding of the magnetic field strength of
chemically peculiar stars, their spatial distribution in the Galaxy, in the field, and in open
clusters of different ages.

It was found that, starting with a field of approximately 1 kG, the number of magnetic
stars decreases with the field increase according to a log-normal law [123]. The upper limit
of the field is about 34 kG. The lower limit depends on the determination accuracy and on
the instruments and technique used.

Studies of several stars with very long rotation periods have shown that some of them
have strong magnetic fields, the longitudinal component of which exceeds 1 kG. For three
objects, the phase curves of the longitudinal field component variability were obtained
covering more than one rotation period of the star. Therefore, ultra-slow rotation was
reliably confirmed. This result is consistent with the theory of the fossil magnetic field
of CP stars, which states that the field was generated before the exit of the stars on the
Main Sequence.

At the 6-m telescope, extensive observed material was collected on the peculiar stars
of the Orion OB1 association: more than 600 moderate-resolution spectra were obtained
with a circular polarization analyzer. New important, mainly unexpected, results have
been received. We have found that the total number of chemically peculiar stars with
strong fields reaches 31, which is 55% of the total number of chemically peculiar stars in
the association, which is 2 times greater than usual for the whole sample of these objects. A
sharp decrease of the proportion of chemically peculiar stars in the association was found
in the age interval from 2 million to 10 million years, as well as a significant decrease
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in the field strength with age was found. We also observe a sharp fall in the proportion
of magnetic stars in the Orion Nebula. However, no strong magnetic field was found in
the association for the youngest objects with an age of smaller than 1 million years. It is
obvious that the formation of large-scale magnetic fields of chemically peculiar stars occurs
in a complex manner. On the whole, our data support the theory of the fossil magnetic field
formation in these objects, but the speed of field decay turned out to be unexpectedly large.

We performed a cycle of magnetic observations of stars, photometry of which was
carried out at the Kepler and TESS satellites. About 10 new magnetic stars were found.
Their phase curves of the longitudinal component variability with the rotation period
were built.

Of course, we conduct our research in broad cooperation with scientists from different
countries. The conclusions presented here are not only ours. We publish them regularly, the
results are widely discussed at Russian and international conferences. Therefore, we believe
that the observation results obtained with the 6-m telescope make significant contribution
to solving the issue of the origin and evolution of stellar magnetic fields.
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The following abbreviations are used in this manuscript:
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BTA Big Telescope Alt-azimuthal
FORS FOcal Reducer and low dispersion Spectrograph
VLT Very Large Telescope
ESPaDOnS Echelle SpectroPolarimetric Device for the Observation of Stars
MSS Main Stellar Spectrograph
TESS Transiting Exoplanet Survey Satellite
MS Main Sequence
HD catalog Henry Drapper Catalogue
CP star Chemically peculiar star
HIPPARCOS High Precision Parallax Collecting Satellite
HARPSpol High Accuracy Radial velocity Planet Searcher
LAMOST The Large Sky Area Multi-Object Fiber Spectroscopic Telescope
GAIA Global Astrometric Interferometer for Astrophysics
MOBSTER Magnetic OBA Stars with TESS:probing their Evolutionary and Rotational properties
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Notes
1 The Committee website (accessed on 25 October 2021): https://www.sao.ru/hq/Komitet/about-en.html.
2 The FORS1/2 WEB-page (accessed on 25 October 2021): https://www.eso.org/sci/facilities/paranal/instruments/

fors.html.
3 The HARPSpol WEB-page (accessed on 25 October 2021): https://www.eso.org/public/teles-instr/lasilla/36

/harps/.
4 The NARVAL WEB-page (accessed on 25 October 2021): https://tbl.omp.eu/platform/.
5 The ESPaDOnS WEB-page (accessed on 25 October 2021): https://www.cfht.hawaii.edu/Instruments/Spectroscopy/

ESPADONS/.
6 The MSS WEB-page (accessed on 25 October 2021): https://www.sao.ru/hq/lizm/mss/en/index.html.
7 The LAMOST Web-page (accessed on 25 October 2021): http://www.lamost.org/public/?locale=en.
8 The VALD Web-page (accessed on 25 October 2021): http://vald.astro.uu.se/.
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Abstract: We describe four different approaches for the detection of magnetospheric accretion among
Herbig Ae/Be stars with accretion disks. Studies of several unique objects have been carried out.
One of the objects is the Herbig Ae star HD 101412 with a comparatively strong magnetic field. The
second is the early-type Herbig B6e star HD 259431. The existence of a magnetosphere in these objects
was not recognized earlier. In both cases, a periodicity in the variation of some line parameters,
originating near the region of the disk/star interaction, has been found. The third object is the young
binary system HD 104237, hosting a Herbig Ae star and a T Tauri star. Based on the discovery of
periodic variations of equivalent widths of atmospheric lines in the spectrum of the primary, we have
concluded that the surface of the star is spotted. Comparing our result with an earlier one, we argue
that these spots can be connected with the infall of material from the disk onto the stellar surface
through a magnetosphere. The fourth example is the Herbig Ae/Be star HD 37806. Signatures of
magnetospheric accretion in this object have been identified using a different method. They were
inferred from the short-term variability of the He I λ5876 line profile forming in the region of the
disk/star interaction.

Keywords: Herbig Ae/Be stars; disk accretion; magnetosphere; individual: HD 10141; HD 259431;
HD 104237; HD 37806

1. Introduction

Herbig Ae/Be stars (HAeBes) are widely recognized as pre-main sequence (PMS)
objects with pronounced emission line features and a far-infrared (FIR) excess indicative
of cool dust in their accretion disks [1–3]. These stars are intermediate-mass (2–8 M�)
analogues of T Tauri K–M stars. According to current views, the HAeBes have no convective
interiors that could support classical dynamo actions as found in the fully convective
T Tauri stars (e.g., [4]). For this reason, strong magnetic fields (such as ∼103 G for T Tauri
stars) are not expected in HAeBes. On the other hand, over the last years a number of
spectropolarimetric studies revealed that about 20% of the Herbig Ae/Be stars have globally
organized magnetic fields of the order of 100 G ([5–11], and some other similar works).

The question of the origin of magnetic fields in intermediate mass stars with radiative
envelopes is still under debate. It has been argued that these fields could be fossil relics of
fields that are present in the interstellar medium from which the stars were formed (e.g.,
Moss [12]). However, the fossil field hypothesis also faces problems (see, e.g., the review
by Hubrig et al. [13]).
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Notably, the traditional spectropolarimetric method of stellar magnetic field diagnos-
tics has some drawbacks:

• It is effective only for objects with small projected rotation velocity v sin i, because the
method is based on the measurement of the fine Zeeman splitting in the presence of a
magnetic field, which is difficult to detect if the line broadening due to stellar rotation
is significant.

• This method allows one to measure only the mean longitudinal magnetic field 〈Bz〉,
which is the projection of the magnetic field vector on the line of sight averaged over
the stellar limb. As a rule, this value is more than three times smaller than the modulus
of the surface magnetic field B. It is necessary to repeat the spectropolarimetric
measurements on different phases of the stellar rotation, and to use modeling to
reconstruct the complete configuration of the global magnetic field of the object and
to estimate its strength.

This work presents a review of several of our investigations, in which other methods
to study magnetic fields in the Herbig Ae/Be stars were proposed. It is based on a search
for any signs of magnetospheric accretion from a disk onto a star. These methods can be
applied in cases where a direct spectropolarimetric measurement of the magnetic field is
inefficient, in particular, if the star is rapidly rotating.

2. Magnetospheres of Herbig Ae/Be Stars

We propose an alternative method to study the magnetism of stars with accretion
disks such as T Tauri and Herbig Ae/Be stars. This method is related to the search of
magnetospheres around such objects, where a specific structure of the circumstellar (CS)
environment is observed in the region of the disk/star interaction.

According to the magnetospheric accretion (MA) scenario, if a star possesses a suf-
ficiently strong magnetic field, the transfer of accreted material from the disk to the star
is stopped by the magnetic field at a certain distance from the star, the Alfvén radius RA,
where the magnetic and kinematic energy densities become equal. The zone around the
star at distances r < RA is called the magnetosphere. Inside the magnetosphere the motion
of the accreted gas is completely governed by the magnetic field. A portion of the material
is funneled from the disk toward the star along the closed magnetic force lines in the
region near the magnetic poles, while other material is flowing outwards along the open
force lines at lower magnetic latitudes. An example of magnetic field topology near the
magnetosphere of a T Tauri star is presented in Figure 12 from [14].

While models of magnetically driven accretion and outflows successfully reproduce
many observational properties of the classical T Tauri stars, the picture is unclear for the
HAeBes, since we have poor knowledge of whether their magnetic fields are reasonably
strong to maintain the MA scenario of the disk/star interaction. Thus, the detection of a
magnetosphere in HAeBes can be an important indicator for significant magnetic fields in
these objects.

According to the well-known equation connecting the magnetospheric radius of the
star, RA, with other stellar parameters such as the magnetic field strength B, the radius R,
the mass M and the mass accretion rate Ṁ [15]:

RA =
(

μ2/Ṁ(2GM)1/2
)2/7

, (1)

where μ = BR3 denotes the star’s dipole moment.
Assuming that the observational signs of a magnetosphere can be revealed if

RA/R > 1.5 and adopting a mean value of the mass accretion rate Ṁ for HAeBes equal to
5 × 10−7 M�/yr [16], and the solar value for the ratio M/R, we can estimate a lower limit
of B > 500 G for R = 2.5 R� (Herbig Ae stars) and B > 200 G for R = 6 R� (Herbig Be
stars). These values of B appear quite reasonable for the HAeBes.

Provided the magnetic axis of the star is not coincident with the axis of stellar rotation
(i.e., a magnetic oblique rotator), the geometrical configuration inside the magnetosphere
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is not axially symmetric relative to the rotation axis. As a result, a global azimuthal
inhomogeneity is formed in the CS environment near the star. In this case, the rotation
of the star with its magnetosphere modulates different observational parameters and
stimulates their cyclic variability with the period P = Prot (rotation period) or Prot/2,
depending on whether one or two magnetic poles can be seen during one rotation cycle.

The majority of the magnetosphere diagnostics are based on a search for such cyclic
variability. Two types of inhomogeneity responsible for the generation of this variability
are: (a) an accretion stream inside the magnetosphere, asymmetric relative to the rotation
axis and (b) a hot spot on the stellar surface in the region where the accreted material falls
onto the star. The first of them can be discovered by spectroscopy in lines originating near
the region of the disk/star interaction. The local hot spots on the stellar surface can be
revealed by means of photometry and high resolution spectroscopy of high accuracy using
atmospheric lines sensitive to the temperature.

In this work, we present four examples of a successful detection of magnetospheres
around Herbig Ae/Be stars.

3. The Magnetic Herbig Ae Star HD 101412

This Herbig A2e star has been chosen to test our approach in searching for signatures
of magnetospheres as this object is certain to have a magnetosphere: its surface magnetic
field was estimated as B ∼ 3 kG, which is a rather large value among HAeBes [17]. The
magnetic field configuration of HD 101412 has a unique orientation relative to the observer:
the angle between the line of sight and the rotation axis i = 80◦ ± 7◦ and the angle between
the rotation and magnetic axes has been estimated as β = 84◦ ± 13◦. This implies that the
magnetic poles are close to the accretion disk plane and the areas around the magnetic
poles, where the accreted matter falls onto the star, are seen twice per rotation period, which
was estimated as Prot or Pm = 42.d076 ± 0.d017. An artist’s impression of the MA-scenario in
HD 101412 is presented in Figure 1.

Figure 1. Artist’s impression of the MA in HD 101412, looking at the magnetic equator. The exact size
and shape of both the disk and the accretion streams are for illustration only, since we lack constraints
on these parameters [18]. Credit: Schöller et al., A&A, 592, A50, 2016, reproduced with permission ©
ESO.

We obtained 30 spectra of HD 101412 between 2011 and 2014 with the spectrographs
CRIRES and X-shooter, installed at the 8-m telescopes of the Very Large Telescope (VLT) at
ESO (Chile). The spectra covered the near infrared (NIR) spectral range, including the lines
He I λ10830 and Paγ. Both lines are formed in the CS environment close to the accretion
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region, and their parameters are expected to be modulated by the rotation of the star and
its magnetosphere. Typical profiles of these two lines are shown in Figure 2.

Figure 2. Typical profiles of the NIR CS lines He I λ10830 and Paγ in the spectrum of HD 101412
shown in [18]. Parameters of the profiles used in the quantitative analysis are indicated. Credit:
Schöller et al., A&A, 592, A50, 2016, reproduced with permission © ESO.

The behavior of the lines confirms the described above structure of magnetospheric
accretion in HD 101412. The central absorption of the profiles of both lines originates
from the disk itself. The infalling streams where the broad redshifted absorption on the
He I λ10830 line profile is forming screen the stellar disk near the regions of magnetic
poles. The high-temperature region of the He I λ10830 formation is geometrically thinner in
comparison to Paγ. The region of the Paγ line formation is much more extended, and the
Paγ line profile includes emission not only from the accreted flow, but also from the inner
disk outside the magnetosphere. Due to this, the redshifted absorption, which is clearly
seen in the He I λ10830 line profile, is completely overlapped by a double-peaked emission
from the inner disk in the case of the Paγ line profile.

Expecting that the variability of the He I λ10830 and Paγ line parameters could be
of cyclic character, as a result of profile modulation by the rotation of the star with its
magnetosphere, to detect this variability we have chosen the following line parameters:
the equivalent width (EW) of both lines, the velocities of the blue (Vr1) and red (Vr2) edges
of the redshifted absorption component of the He I λ10830 line, and of the red boundary of
the Paγ emission profile (see Figure 2).

The periodogram analysis of these five parameters was carried out using the method
of fitting phase dependencies of the observed data for each value of the trial period P with
a sine for a range of P from 5 to 80 days. Parameters of the sinusoids were determined
by the least-square method. The periodograms constructed for three parameters of the
He I λ10830 line are shown in the left of Figure 3. We also calculated the noise periodogram
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in order to estimate the significance level of the separate peaks and to determine the
window function (the details of the method can be found in [19,20]). The parameter A/σ
denotes the amplitude of the sinusoid in the unites of standard deviation of the residuals
of the sine function fit for a given P.

Figure 3. Left: A/σ periodograms for different parameters of the He I λ10830 line shown in Figure 2.
The 3σ significance levels are marked by dashed lines. Short vertical lines indicate the value corre-
sponding to half of the rotation period (Prot/2 = 21.d04). Right: Phase dependencies of different line
parameters over the rotation period Pm = 42.d076. The initial phase φ = 0 corresponds to MJD 52797.4.
Credit: Schöller et al., A&A, 592, A50, 2016, reproduced with permission © ESO.

The reappearance of the same period in all periodograms can be considered as a
criterion of its validity. All periodograms contain the peak near Pm/2 at a rather high
significance level. The discrete structure of these wide peaks which is caused by a relatively
small number of observations makes it possible to determine the mean value P and the
standard deviation of each peak (also presented on the left panels of Figure 3. The resulting
period P = 20.d53 ± 1.d68 is close to half of the magnetic rotation period Pm/2 = 21.d038.

The right of Figure 3 illustrates the phase dependencies of the He I λ10830 line taken
from [17,18]. As the MA model predicts, the Vr2 parameter is at its maximum when 〈Bz〉
reaches its minimal or maximal value. In contrast to Vr2, the parameters Vr1 and EW
demonstrate minimum values at these phases (when each of two accretion flows screens
the star).
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We can conclude that our test delivers a positive result and that the behavior of
the spectroscopic parameters for the lines originating close to the region of the disk/star
interaction can be used for diagnostics of the magnetospheric character of the accretion
from the disk onto the star.

4. Signatures of the Magnetosphere around the Early Type Herbig B6e Star HD 259431

HD 259431 is a Herbig B6e star associated with the reflection nebula NGC 2247. Its
fundamental parameters are: M = 6.6 M�, R = 6.63 R�, v sin i = 90 km/s [21] and the
accretion rate Ṁ = 7.8 × 10−7M�/yr [16]. No reliable magnetic field has been measured
in this object [11,22].

Our spectroscopic observations of the object were carried out at four observatories: (a)
the Crimean AO (2.6 m Shajn telescope, echelle spectrograph); (b) ESO (2.2 m telescope,
FEROS spectrograph); (c) the OAN SPM observatory in Mexico (2.1 m telescope, echelle
spectrograph); and (d) the Kourovka UFU AO (1.2 m telescope, echelle spectrograph). More
than 250 high-resolution spectra were obtained from 2010 to 2019.

HD 259431 demonstrates a remarkable type of spectral line variability. During three
days, the double-peaked emission line Hγ with a depression in the red wing transformed
into a line with a P Cyg-type profile (top of Figure 4). The same picture is observed in
the Balmer lines from Hβ up to Hε. At epochs where we see a depression in the red
wings of the emission Balmer lines, a broad absorption wing of He I λ5876 is observed
up to +400 km/s (see Figure 4). Such profile variability can be expected in the case of
magnetospheric disk accretion, if the magnetic axis is inclined to the rotation axis. In this
situation, the line of sight intersects repeatedly the region of the accretion flow or the wind
zone, located at different magnetic latitudes. The existence of a magnetosphere is also
evident from the strong increase of the red absorption wing of the He I λ5876 line, as can
be seen in Figure 4.

This picture could be validated if a search for periodic variations of the line parameters
revealed a period close to the expected period of stellar rotation, Prot. In our periodogram
analysis, we used two spectroscopic parameters: Vbis(Hβ)—a bisector velocity of the
emission Hβ line profile at the continuum level Fc—and Vred(He I)—a velocity of the
red boundary of the absorption wing of the He I λ5876 line. Figure 5 illustrates that
both parameters are in strong anti-correlation, with the coefficient r = −0.805 ± 0.049.
We used the standard Lomb–Scargle method [23], and tried to detect periodicity in the
range of 2–3 days, which is likely to contain the Prot of the star, due to the previous
spectrointerferometric estimation of i in the range from 40◦ to 60◦ and R = 6.6 R� [21]. The
significance level was determined by the method described in [24]. As one can see in the
periodograms displayed in Figure 6, both parameters demonstrate a period P = 2.839 d.
The phase dependencies constructed for these two line parameters are presented in Figure 7.
The dependencies look rather “noisy”, with a large amplitude of scatter. This can be
explained by the presence of other types of spectral variability that are not connected with
stellar rotation, on the same timescales. As can be seen in Figure 7, the cyclic variations of
both parameters take place in opposite phases. Adopting our estimation of P = 2.839 d as
the most probable value of the rotation period, we can estimate the inclination angle i as
48◦ ± 7◦.
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Figure 4. Variations of the line profiles for Hγ, Hβ, and He I λ5876 in the spectrum of HD 259431
during three epochs on 5–7 December 2015. X-scale is the same for all three plots.

Figure 5. Dependence between the parameters Vbis (Hβ) and Vred (He I λ5876) in the spectra of
HD 259431. r is the correlation coefficient.

149



Universe 2021 , 7 , 489

Figure 6. Lomb-Scargle periodogram for the parameters Vbis (Hβ) and Vred (He I λ5876) from the
HD 259431 spectra. The same period, P = 2.839 d, is visible in both periodograms.

Figure 7. Phase dependencies of the parameters Vbis (Hβ) and Vred (He I λ5876) from the HD 259431
spectra, constructed for the period P = 2.839 d (left) and smoothed over five data points (right).

Using the time when the parameter Vred(He I λ5876) reaches its maximum as the initial
phase φ = 0, we can construct the phase variations of the profiles of some other CS lines in
the spectrum of HD 259431. Figure 8 illustrates such variability for the lines Hδ, He I λ6678
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and the OI λ7773 triplet. All of them show the same behavior with the rotation phase as
the lines Hβ and He I λ6678. In general, the results of our spectroscopic investigation of
HD 259431 confirm the presence of a magnetosphere. The estimated Alfvén radius of the
object using Equation (1) is RA = 1.9 R (for B = 300 G), and RA = 1.5 R (for B = 200 G),
which appear to be quite reasonable. The schematic picture of the disk/star interaction
near the stellar surface is shown in Figure 9.

We would like to note that our result is the first detection of magnetospheric accretion
among earlier-type Herbig Be stars (here: B6). This contradicts the conclusion of Cauley
and Johns-Krull [25] that Herbig Be stars have no magnetospheres. For more details see
Pogodin et al. [26].

Figure 8. Profiles of the lines Hδ, He I λ6678 and OI λ7773 observed in the spectra of HD 259431 at
the phases of 0.05, 0.39 and 0.76 of the period P = 2.839 d. The initial phase ϕ = 0 corresponds to the
epoch when the parameter Vred (He I λ5876) was maximal.
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Figure 9. Schematic picture of the region of disk/star interaction near HD 259431, where the magnetic
axis is inclined relative to the rotation axis. The star, disk, magnetosphere and wind zone are shown
in the figure. The picture is presented in the reference frame of the star. Two directions of the
line-of-sight are indicated. From direction A the line of sight intersects the wind zone at low magnetic
latitudes, from direction B the line of sight intersects the accretion stream inside the magnetosphere
at high magnetic latitudes.

5. The Young Magnetized Binary System HD 104237

HD 104237 is a young binary system containing a Herbig Ae primary (M1 = 2.2 M�)
and a T Tauri secondary of K2 spectral type (M2 = 1.4 M�). Böhm et al. [27] derived the
orbital elements and velocity curves for the components. They estimated Porb = 19.859 d,
iorb = 17◦, e = 0.665, and γ = 13.9 km/s, constructing the radial velocity curves for both
components. The basic stellar parameters of the system components were determined in a
number of studies [27–30]. The most recent analysis by Cowley, Castelli and Hubrig [30]
indicated Teff = 8 250 K, log g = 4.2, v sin i = 8 km/s for the primary and Teff = 4800 K,
log g = 3.7 and v sin i = 12 km/s for the secondary.

Such low projected velocities are beneficial for the detection of the magnetic field by
the spectropolarimetric method. A possible presence of a weak magnetic field in HD 104237
(of the order of 50 G) was announced over 20 years ago by Donati at al. [31]. Later
Wade et al. [22] did not confirm this detection. Hubrig et al. [7] estimated 〈Bz〉 = 63 ± 15 G
for the primary from a high-resolution HARPSpol spectrum, and, more recently, Järvi-
nen et al. [32] reported a definite detection of a magnetic field 〈Bz〉 = 129 ± 12 G for the
secondary T Tauri star and a marginal detection of 〈Bz〉 = 13 G for the primary.

The most recent HARPSpol spectropolarimetric analysis using the LSD and SVD
methods allowed to measure the magnetic fields of the system’s components more precisely.
Eighty-eight spectra obtained in March 2015 were analyzed. The 〈Bz〉 value of the primary
was found to be varying on different dates from 47 ± 6 G to 72 ± 6 G and that of the
secondary from 609 ± 27 G to 124 ± 13 G [32].

The components of this binary system have a CS matter distribution in the region
of the disk/star interaction that is different from expected for a single Herbig Ae/Be
star with a magnetosphere. Dunhill et al. [33] constructed a spatial structure of the CS
material distribution using their smoothed particle hydrodynamics (SPH) simulations
of the circumbinary disk around the system HD 104237. The binary clears out a large
cavity in the disk, which is not centered on the binary center of mass. Two streams of
matter are accreting from the circumbinary disk onto the system components. The size
of the two individual disks around the components is expected to be rather small due to
tidal interaction. A connection of these accretion streams with the magnetic fields of both
components is not clear, but in any case, local spots can be expected on the stellar surface
in the stream impact regions. The rotation of such spots can modulate the photometric
parameters of the object as well as the observed parameters of atmospheric lines, if the
spectral data were obtained with sufficient accuracy. As a result, the method of diagnostics
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of local features on the stellar surface of the system components is the same as suggested
for single objects that were tested for the presence of a magnetosphere.

The equivalent widths of the Stokes I LSD profiles of the metal lines in the spectrum of
the primary component were used to search for periodicity corresponding to the expected
rotation period Prot. The search was carried out using a non-linear least-square fit to
multiple harmonics using the Levenberg–Marquardt method [34]. The periodogram is
presented in Figure 10 (top). We also made a statistical test to check the null hypothesis on
the absence of periodicity, i.e., to check the statistical significance of the fit [35]. The window
function is also shown in the figure. The contribution of the secondary to the EWs at the
phases of conjunction was removed from the measured values. As a result, we obtained a
best period solution at P = 4.33717 ± 0.00316 d. Figure 10 (bottom) illustrates the phase
dependence of the EWs constructed for the derived period P = 4.33717 d. The nature of
this periodicity is likely to be connected with the existence of temperature spots on the
stellar surface.

Figure 10. Top: Periodigram for the equivalent width measurements of the primary in HD 104237.
The peak at 0.23057 d−1 corresponds to a period of 4.33717 d. The window function is denoted by a
dotted line. Bottom: EWs measured in the primary phased with the period of 4.33717 d.

This estimate of the rotation period of the primary is in good agreement with the
previous result by Böhm et al. [36], Prot = 100 ± 5 h, which was derived from the analysis
of CS Hα line variations. This favors the idea that these spots on the stellar surface can be
connected with inhomogeneities rotating in the CS media around the star, in other words,
with the accretion flows inside the magnetosphere.

6. The Herbig Ae/Be star HD 37806

Our study of the Herbig Ae/Be star HD 37806 was also devoted to a search for a mag-
netosphere, but in this case we applied a different method, which is not using the modulation
of the observational parameters by a hypothetical rotating azimuthal inhomogeneity.
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HD 37806 is an isolated Herbig star of A2–B8 type, associated with the Orion OB1b
subgroup in the OB1 association. It has a v sin i = 120 km/s and no magnetic field has been
detected so far [11,22]. Our spectroscopic observations of the object were carried out in
November 2012 with the Coudé spectrograph ASP-14 installed at the 2.6 m Shajn telescope
of the Crimean AO. Twenty spectra near the He I λ5876 line were obtained during the two
nights of 8/9 and 11/12 November. The analysis of the variability observed during each
night has shown that the profile of this line originating in the high-temperature zone of
the disk/star interaction demonstrates intensity variations in the form of standing waves
in the region of the red absorption (see Figure 11, for the second observing night). These
results are presented in more detail in Pogodin et al. [37].

Figure 11. Top: Normalized profiles of the He I λ5876 line observed in the spectrum of HD 37806 on
11 November 2012. Bottom: Residual profiles constructed relative to the nightly mean. Both intensity
and time scale are indicated. The time increases from top to bottom.

Extensive model calculations have shown that such variability can appear only if
a rotating local stream intersects the line-of-sight, which is orthogonal to the Surfaces
of Equal Radial Velocities (SERVs) of the moving gas. In the case of a purely Keplerian
accretion disk (see left of Figure 12) or a disk with radial motion (see right of Figure 12),
the SERVs are not orthogonal to the line-of-sight in the region between the star and the
observer. In this case the short-term variations would appear as running waves on the
residual plots. Figures 12 and 13 were first presented in slightly different form in the paper
by Pogodin et al. [37].
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Figure 12. Picture of the SERVs distribution in the disk plane near the star. The case (a) is for the
Keplerian disk; the case (b) is the same as (a) but with a radial velocity of the accretion onto the star
of V = 100 km/s. The corresponding values of the radial velocities are indicated near each SERV in
the framework of the observer.

Figure 13. The same as Figure 12, but for the MA model. The parameters of the model are indicated
in Section 6.

Only in the case of the MA scenario the SERVs intersecting the line-of-sight can
become orthogonal to it. Figure 13 is constructed for the SERVs picture of the simplest
geometric model (i = 90◦, β = 90◦) such as in the case of HD 101412 (see Section 3).
The figure illustrates the SERVs’ orientation corresponding to this model. Inside the
magnetosphere, we assume the rigid rotation velocity law Vrot(r) = U0(r/R), and the
radial velocity Vr = V0(R/r − R/RA) for the freefall regime, where U0 = 160 km/s is the
equatorial rotation velocity on the stellar surface, and V0, the radial velocity at the outer
magnetospheric boundary, where RA = 2 R, is equal to 635 km/s, the terminal velocity for
the object. Furthermore, we calculated the He I λ5876 residuals for this model at different
rotation phases, adopting the gas to be optically thick in this spectral line and the source
function to be equal to 0.1 of the stellar intensity (see Figure 14).

In the general case, for any geometry and orientation of the magnetic field configura-
tion the character of the SERVs is expected to be similar. It is determined by the specific
kinematics of the gas inside of the magnetosphere: the radial velocity is minimal near the
outer boundary of the magnetosphere and maximal near the stellar surface (with free-fall
motion). Its rotation velocity is, on the contrary, maximal at the outer boundary of the
magnetosphere and minimal near the stellar surface (rigidly rotating with the star).
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Figure 14. The same as Figure 11, but for the model described in detail in Section 6. α is an angle
between the axis of the rotating stream and the line of sight.

We conclude that this type of short-term spectroscopic variability can be considered
as an additional signature of the MA scenario. Besides that, the estimation of RA using
Equation (1) shows reasonable values: RA = 1.7–2.2 R for B = 200–300 G, respectively. In
these calculations, we used the following values: M = 4 M�, R = 4.6 R�, and a mass
accretion rate Ṁ = 1.4 × 10−7 M�/yr.

7. Conclusions

We consider several diagnostical methods for the magnetospheric accretion in Herbig
Ae/Be stars, which are surrounded by accretion disks. The detection of a magnetosphere
can be considered as a supplement to the widely used spectropolarimetric observations to
measure stellar magnetic fields.

The magnetosphere is a CS region near the star where the disk accretion onto the star
is completely governed by the magnetic field of the star. If the magnetic axis is inclined
relative to the rotation axis, a global azimuthal inhomogeneity is likely to be formed. Its
rotation can modulate different spectral or photometric parameters of the object under
investigation. The registration of such a modulation in a form of cyclic parameter variations
is the most common way to reveal the presence of the MA scenario of disk/star interaction.
Besides that, the moving gas inside the magnetosphere has a specific kinematics, the radial
velocity corresponds to the free-fall regime, and the gaseous streams rotate rigidly with
the star.

These features of the magnetospheric accretion have been used in our work. Four
cases of MA diagnostics have been considered in this paper. These are: (a) HD 101412—a
slowly rotating Herbig Ae star with an anomalously strong magnetic field; (b) the early
type Herbig B6e star HD 259431; (c) the young binary system HD 104237 consisting of a
Herbig Ae star and a T Tauri K2-type star; and (d) the Herbig Ae/Be star HD 37806, where
signs of the MA disk/star interaction were found from a particular type of short-term
variability of the He I λ5876 line profile during one night rather than from a search for
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periodicities in the observed parameter variations. The results of our investigation was
positive in each of the four cases. We have found that even the two rapidly rotating objects
HD 259431 and HD 37806 demonstrate signatures of magnetospheric accretion, i.e., they
should have significant magnetic fields. The commonly recognized spectropolarimetric
method was ineffective to detect magnetic fields in these two stars.

We hope that the application of MA diagnostics considered in this paper to other
Herbig Ae/Be stars will allow to significantly increase the percentage of stars that possess
magnetic fields among these objects.
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Abstract: Based on the spectropolarimetric data of 33 Seyfert type 1 galaxies observed with the
BTA-6m telescope of the Special Astrophysical Observatory, we estimated the magnetic field values at
the event horizon of the supermassive black hole BH and the exponents of the power-law dependence
s of the magnetic field on the radius. We used the model of optically thick geometrically thin Shakura–
Sunyaev accretion disk. The average value of log BH[G] was found to be ∼4, which is in good
agreement with the results obtained by other methods. The average value of s is s ≈ 1.7, and its
distribution maximum span is in the range od 1.85 < s < 2.0. This is a rather interesting result, since
s = 5/4 is usually adopted in calculations for Shakura–Sunyaev accretion disks. In addition, for two
objects PG 1545+210 and 2MASX J06021107+2828382, the measured degree of polarization is greater
than the maximum possible value at the angle between the line of sight and the axis of the accretion
disk i = 45◦. It was concluded that for these objects the angle should be closer to i = 60◦.

Keywords: accretion disks; magnetic fields; polarization; active galactic nuclei; supermassive black
holes

1. Introduction

According to modern concepts, accretion disks of active galactic nuclei (AGNs) should
have an intense magnetic field [1,2]. It is assumed that the magnetic field is formed as
a result of the interaction of accreting matter with a rotating supermassive black hole
(SMBH) [3–8]. The presence of a magnetic field should have a noticeable effect on the spec-
tropolarimetric characteristics of the accretion disk radiation. The polarimetric observations
demonstrate that AGNs have polarized radiation in different wavelength ranges, from
ultraviolet to radio waves [9–17]. Several mechanisms for the origin of the observed polar-
ization are discussed, for example, the light scattering in accretion disks or synchrotron
radiation of charged particles. These mechanisms can act in different structures, such as the
plane and warped accretion disks, toroidal rings near the accretion disks and relativistic
jets. It happens that different models are proposed to explain the same source. There are
several models of accretion disks (see for example Pariev et al. [18]). For objects of the type
under study, the most popular and simple model is the optically thick geometrically thin
Shakura–Sunyaev disk [19]. In this work, we assume that for our sample of objects (Seyfert
type 1) accretion disk is the main source of polarized radiation in optical range and we use
Shakura–Sunyaev disk model.

It should be noted that accurate determination of the dependence of the magnetic field
on the radius in the disk is rather difficult task [16,18,20,21], consisting of intricate spec-
tropolarimetric observations of distant and faint objects and complex and time consuming
numerical simulations. Our goal was to estimate the magnitude of the magnetic field at
the event horizon of the SMBH and probe the dependence of the magnetic field intensity
on the radius in the AGN accretion disks using our spectropolarimetric observations with
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the BTA-6m telescope and our relatively simple model. The methodology described in
Silant’ev et al. [22] was taken as a basis for this work.

2. Basic Equations

2.1. Stokes Parameters

When considering radiation from an axially symmetric accretion disk with a magnetic
field, its integral Stokes parameters can be written in the following form [22]:

〈Q〉 = Q(0, μ) 2
π

∫ π/2
0 dΦ 1+a2+b2 cos2 Φ

(1+a2+b2 cos2 Φ)2−(2ab cos Φ)2 ,

〈U〉 = a Q(0, μ) 2
π

∫ π/2
0 dΦ 1+a2−b2 cos2 Φ

(1+a2+b2 cos2 Φ)2−(2ab cos Φ)2 ,
(1)

where μ = cos i, where i is the angle between the line of sight and the axis of the disk,
Q(0, μ) is the value of the Stokes parameter without a magnetic field. The parameters a
and b are expressed, in turn, as follows:

a = 0.8μλ2(μm)B‖(G),
b = 0.8

√
1 − μ2λ2(μm)B⊥(G),

(2)

where λ is the wavelength, B‖ and B⊥ are, respectively, the component of the magnetic field
in the disk parallel and perpendicular to the disk axis (see Figure 1 from Silant’ev et al. [22]).
Taking into account that in the Milne problem (multiple scattering of light in optically thick
flattened atmospheres [23,24]) without a magnetic field, the Stokes parameter U(0, μ) ≡ 0,
we obtained the following value of the relative polarization and positional angle χ:

Prel = P(B, μ)/P(0, μ) =
√〈Q〉2 + 〈U〉2/Q(0, μ),

χ = 0.5 arctan(〈U〉/〈Q〉). (3)

Note that Prel depends only on the dimensionless parameters a and b and does not
depend on Q(0, μ).

The polarization value P(0, μ) without a magnetic field was previously calculated
by us numerically using the Sobolev–Chandrasekhar model [23,24] and is tabulated in
Gnedin et al. [25]. In addition, we note that the polarization has a small effect on the radi-
ation intensity [23]. Thus, we have the opportunity to accurately calculate the polarization
value P = PrelP(0, μ), using numerical integration for the parameter Prel and tabular values
for P(0, μ).

2.2. Magnetic Field

When considering the magnetic field in the accretion disk, it is usually assumed (see,
for example, Pariev et al. [18]) that its dependence on the radius has a power-law form:

B(R) = BH(RH/R)s, (4)

where BH is the value of the magnetic field intensity at the event horizon of SMBH in
AGN, RH = GMBH(1 +

√
1 − a2∗)/c2 is the radius of the event horizon, MBH is the mass

of the SMBH, G is the gravitational constant, c is the speed of light, a∗ = cJ/GM2
BH is the

dimensionless spin of the SMBH, J is the angular momentum of the SMBH rotation. As
for the s parameter, there are models with different values of this parameter [18], but for
the Shakura–Sunyaev disk, the most often adopted value is s = 5/4 [19]. In our work,
we decided to investigate in more detail the influence of this parameter on the model and
therefore we tried a number of values within 0.5 < s < 2.

2.3. Dependence of the Polarization Degree on the Wavelength

Since the polarization degree depends on the magnetic field, and the magnetic field
depends on the radius, then in order to obtain the dependence of the polarization on the
wavelength, we need the dependence of the radius on the wavelength. For the Shakura–
Sunyaev accretion disk, we have [26]:
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Rλ(cm) = 0.97 × 1010λ[μm]4/3
(

MBH

M�

)2/3( lE
ε

)1/3
. (5)

where Rλ is the distance in the accretion disk, which corresponds to wavelength λ,
lE = Lbol/LEdd is the Eddington ratio, Lbol is the bolometric luminosity, LEdd = 1.3 ×
1038MBH/M�erg/s is the Eddington luminosity, ε = Lbol/(Ṁc2) is the radiative efficiency,
Ṁ is the accretion rate.

3. Results of Theoretical Calculations

We estimated dependencies of radius Rλ, magnetic field strength B, polarization
degree P and position angle χ on wavelength λ (in optical range) for MBH/M� = 108,
BH = 104 G, a∗ = 0.9, ε = 0.155, lE = 0.2 and various values of s. Results are presented
in Table 1. In Inoue and Doi [27], the authors obtained B ≈10 G at R ≈ 40RH for AGNs
with MBH ∼ 108M�. These data are in good agreement with our model, in which, for
BH = 104 G and s = 1.85, B(40RH) ≈ 10.7 G.

Table 1. Dependencies of radius Rλ, magnetic field strength B, polarization degree P and position angle χ on wavelength λ

for MBH/M� = 108, BH = 104 G, a∗ = 0.9, ε = 0.155, lE = 0.2 and various values of s.

λ [μm] Rλ/RH
s = 1.25 s = 1.5 s = 1.75 s = 2.0

B [G] P [%] χ [deg] B [G] P [%] χ [deg] B [G] P [%] χ [deg] B [G] P [%] χ [deg]

0.38 29.4 145.2 0.27 41.5 62.3 0.61 37.0 26.8 1.23 28.3 11.5 1.87 16.7
0.40 31.5 133.3 0.27 41.6 56.3 0.61 37.0 23.8 1.24 28.1 10.0 1.89 16.2
0.42 33.6 122.9 0.26 41.6 51.0 0.61 37.0 21.2 1.26 27.8 08.8 1.91 15.8
0.44 35.8 113.7 0.26 41.7 46.5 0.61 37.0 19.0 1.27 27.6 07.8 1.93 15.4
0.46 38.0 105.6 0.25 41.7 42.5 0.61 37.0 17.1 1.28 27.4 06.9 1.94 15.1
0.48 40.2 98.4 0.25 41.8 39.1 0.61 37.0 15.5 1.29 27.2 06.2 1.95 14.7
0.50 42.4 91.9 0.25 41.8 36.0 0.61 37.0 14.1 1.31 27.1 05.5 1.97 14.4
0.52 44.7 86.1 0.24 41.8 33.3 0.61 37.0 12.9 1.32 26.9 05.0 1.98 14.1
0.54 47.0 80.8 0.24 41.9 30.9 0.61 37.0 11.8 1.33 26.7 04.5 1.99 13.8
0.56 49.3 76.1 0.24 41.9 28.7 0.61 37.0 10.8 1.34 26.6 04.1 2.00 13.5
0.58 51.7 71.8 0.24 42.0 26.8 0.61 37.0 10.0 1.35 26.4 03.7 2.01 13.2
0.60 54.1 67.8 0.23 42.0 25.0 0.61 37.0 9.2 1.36 26.2 03.4 2.02 13.0
0.62 56.5 64.2 0.23 42.0 23.4 0.61 37.0 8.5 1.37 26.1 03.1 2.03 12.7
0.64 59.0 60.9 0.23 42.1 22.0 0.61 37.0 7.9 1.38 25.9 02.9 2.04 12.5
0.66 61.4 57.9 0.23 42.1 20.7 0.61 37.0 7.4 1.39 25.8 02.6 2.04 12.3
0.68 63.9 55.1 0.22 42.1 19.5 0.61 37.0 6.9 1.39 25.7 02.4 2.05 12.1
0.70 66.4 52.5 0.22 42.1 18.4 0.61 37.0 6.4 1.40 25.5 02.3 2.06 11.9
0.72 69.0 50.1 0.22 42.2 17.4 0.61 37.0 6.0 1.41 25.4 02.1 2.06 11.7
0.74 71.6 47.8 0.22 42.2 16.4 0.61 37.0 5.7 1.42 25.3 01.9 2.07 11.5
0.76 74.1 45.7 0.22 42.2 15.6 0.61 37.0 5.3 1.43 25.2 01.8 2.07 11.3
0.78 76.8 43.8 0.21 42.2 14.8 0.61 37.0 5.0 1.43 25.0 01.7 2.08 11.1

We calculated the value of the polarization and the positional angle as a function of
the value of the magnetic field intensity at the event horizon BH and the parameter s in the
visible range. For this purpose we adopted the following parameter values characteristic
of Seyfert type 1 AGN: MBH = 108M�, a∗ = 0.9 [17,28], radiative efficiency ε = 0.155,
Eddington ratio lE = 0.2.

As for the angle i, since it is rather difficult to determine this angle from the observables,
research usually adopts i ≈ 45◦ in the calculations. In our work, we used a more complex
and arguably a more accurate method. Initially, the values were calculated for all angles
from 0 to 90 degrees, and then the resulting data were convolved with a Gaussian centered
at 45 degrees. If an angle other than 45 degrees was required for calculations, then a
Gaussian with a center at this angle was taken.
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Based on the generally assumed dipole nature of the magnetic field, and also based,
for example, on the conclusions of Piotrovich et al. [29], the ratio between the components
of the magnetic field parallel and perpendicular to the disk axis was taken as B⊥ = 0.1B‖.

Figures 1 and 2 show the results of these calculations in the form of three-dimensional
graphs. In Figure 1, one can see that the average value of the polarization in the visible range
depends rather strongly on the parameters BH and s. The rapid decrease in polarization
with increasing field and decreasing s is due to Faraday depolarization (see Equation (2)
from Silant’ev et al. [22]). It can be seen in Figure 2 that the gradient of the positional
angle depends on the parameters in a rather complex way, which theoretically can make it
possible to accurately determine the parameters from the observed gradient. However, the
amplitude of this dependence, unfortunately, is rather small.

Figure 1. Wavelength-averaged degree of polarization P depending on the value of the magnetic field
intensity at the event horizon BH and the exponent of the power-law dependence s of the magnetic
field on the radius in the disk.

Figure 2. The difference between the positional angles of polarized radiation Δχ at a wavelength of
0.70 μm and 0.45 μm depending on the value of the magnetic field intensity at the event horizon BH

and the exponent of the power-law dependence s of the magnetic field on the radius in the disk.
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In addition, we also plotted the dependencies of the degree of polarization and the
positional angle on the wavelength for the above parameter values for different values of
BH and s (see Figures 3–6).

λ μ

ε ⊥

Figure 3. Dependence of the degree of polarization P on the wavelength λ for different values of the
parameter s.

χ

λ μ

ε ⊥

Figure 4. Dependence of the positional angle χ on the wavelength λ for different values of the
parameter s.
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λ μ

ε ⊥

Figure 5. Dependence of the degree of polarization P on the wavelength λ for different values of the
parameter BH.

χ

λ μ

ε ⊥

Figure 6. Dependence of the positional angle χ on the wavelength λ for different values of the
parameter BH.

It should be noted that the dependence of the degree of polarization and positional
angle on the wavelength in our model was found to be relatively weak. It is practically
impossible to reliably measure such a gradient of polarization and position angle in real
astronomical observations with the existing signal-to-noise level. Therefore, in further cal-
culations, we used the average value of the polarization, making sure that the dependence
of the observed polarization on the wavelength was not too strong and had a monotonic
form. As for the observed gradient of the position angle, it was evaluated only qualitatively;
in particular, objects with a pronounced non-monotonic dependence of the position angle
on the wavelength were discarded, for example, in the presence of the so-called ”S-shaped”
feature, which appears to be due to other physical mechanisms (for example, scattering by
a spherical optically thin envelope with a magnetic field [30]).
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4. Estimations of BH and s Based on Optical Spectropolarimetry of AGNs

In our work, we used the already published data of spectropolarimetric observations
of a sample of 33 AGN in type 1 Seyfert galaxies, carried out on the BTA-6m telescope with
the participation of the authors [16,17,31]. First round of observations were performed
in 2008–2009. The observations were carried out with the SCORPIO focal reducer in the
spectropolarimetric mode mounted at the prime focus. We used an EEV42-40 2048 × 2048
pixel CCD array with a pixel size of 13.5× 13.5 μm as the detector and a VPHG550g volume
holographic phase grating from the SCORPIO kit operating in the range 3500–7200 Å as the
dispersing element. The reciprocal linear dispersion in the detector plane was 1.8 Å/pixel.
In the spectrograph, we used a set of five circular diaphragms 4”.5 in diameter arranged
in the form of a pseudoslit with a step of 9.7-arcsec. A Savart plate placed behind the
diaphragms was used as the polarization analyzer. We used the central diaphragm to take
the spectra of an object in perpendicular polarization planes and the remaining diaphragms
to take the night-sky spectra. The actual spectral resolution of our data was determined by
the monochromatic image of the diaphragms and was 40–42 Å. The seeing in all sets of
observations was at least 2”. The technique of polarization observations and calculations
was described by Afanasiev and Moiseev [32]. To calibrate the wavelengths and the relative
transmission of the diaphragms, we used an Ar–Ne–He filled line-spectrum lamp and a
quartz lamp. To calibrate the spectropolarimetric channel of the spectrograph, we observed
standards from Turnshek et al. [33]. Second round of observations were performed in
2012–2016. The observations were carried out with the SCORPIO-2 spectrograph [34]. The
spectra were taken in two ranges: 4200–7500 Å for redshifts z < 0.1 (VPHG940 grating) and
5700–9500 Å for z > 0.1 (VPHG940 grating). The spectral resolution for a working 2” slit
was 14 and 12 Å, respectively. For objects at Galactic latitudes < 30◦ we took into account
the interstellar polarization that was determined from the observations of stars around the
object. The technique of observations and data reduction is described in detail in Afanasiev
and Amirkhanyan [35].

We have formed a sample of 33 sources with published mass estimates for their
central SMBHs. Since our model assumes a geometrically thin, optically thick disk [19], we
considered only objects with Eddington ratio in the 0.01 < lE < 0.3 range [36].

Note that in this work we used the average values of the parameters MBH, a∗ and lE,
neglecting the errors. This is explained by the following arguments. The parameters a∗
and lE themselves have little effect on the polarization value. The MBH parameter has a
more noticeable effect, but this effect can be neglected in comparison with the error of the
observational spectropolarimetric data.

For each object, the dependence of the polarization and the gradient of the positional
angle on BH and s was constructed as it was shown in Section 3. Then, this dependence was
compared with observational data. The result is a set of values for BH and s that satisfies
these conditions. After that, the BH values were additionally subject to the condition that
they must fall within the limits obtained for these objects by independent methods [37,38]. In
the paper Daly [38], errors in the determination of BH are not indicated, so we took them as
±0.3 in a logarithmic scale. For those objects for which the magnetic field strength was not
previously estimated, we adopted the value log BH [G] = 4.0 ± 1.0, since the results of [37,38]
estimates of the magnetic field for type 1 Seyfert nuclei give this characteristic range. The
values of BH and s were averaged to obtain the average value and its associated dispersion.

For the objects PG 1545+210 and 2MASX J06021107+2828382, the measured polarization
value was found to be greater than the maximum possible value with this calculation method.
Since the polarization increases with the inclination angle, the angle value i = 60◦ was used
for these objects. It is believed that for objects of the type under study (Seyfert type 1 galaxies)
this angle usually lies within 20◦ ≤ i ≤ 60◦ (see, for example, Wu and Han [39]).

Our results are presented in Table 2.
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Table 2. Results of determination of the magnetic field intensity at the event horizon BH and parameter s for our objects.
Pobs is the observed polarization. MBH, a and lE are mass, spin and Eddington ratio of SMBH. BH,pr is magnetic field at the
event horizon estimated by the method described in Piotrovich et al. [37], except for objects Mkn 509, NGC 3227, NGC 5548
and Mkn 590 whose magnetic fields were estimated in Daly [38]. For objects for which the magnetic field was not previously
estimated, we took the value 4.0 ± 1.0.

Object Pobs log( MBH
M� ) a∗ lE log(BH,pr[G]) log(BH[G]) s

2MASS J02093740+5226396 5 1.47 ± 0.46 8.53 5 0.970 5 0.045 5 4.00+1.00
−1.00 3.33+0.17

−0.30 1.81 ± 0.15
2MASX J02421465+0530361 5 0.89 ± 0.43 8.33 5 0.930 5 0.100 5 4.00+1.00

−1.00 3.84+0.29
−0.84 1.57 ± 0.27

2MASX J06021107+2828382 5 2.34 ± 0.40 8.15 5 0.960 5 0.009 5 4.00+1.00
−1.00 3.39+0.17

−0.28 1.73 ± 0.17
3C 390.3 12 0.65 ± 0.36 9.12 6 0.998 6 0.004 6 3.41+0.28

−0.37 3.18+0.08
−0.10 1.87 ± 0.11

MCG 08-11-011 5 1.46 ± 0.90 8.12 7 0.950 5 0.060 5 4.00+1.00
−1.00 3.67+0.30

−0.67 1.68 ± 0.24
Mrk 79 7 1.31 ± 0.38 7.69 7 0.995 8 0.040 3 3.87+0.15

−0.20 3.86+0.09
−0.12 1.81 ± 0.11

Mrk 352 5 1.05 ± 0.44 7.19 5 0.750 5 0.033 5 4.00+1.00
−1.00 4.04+0.30

−1.04 1.55 ± 0.28
Mrk 509 7 1.21 ± 0.43 8.16 2 0.840 9 0.160 9 4.69+0.30

−0.30 4.44+0.03
−0.04 1.99 ± 0.02

Mrk 590 14 0.61 ± 0.25 7.20 3 0.815 10 0.214 3 5.05+0.30
−0.30 4.89+0.07

−0.08 1.72 ± 0.08
Mrk 1095 7 0.48 ± 0.24 8.27 7 0.930 8 0.069 11 3.74+0.26

−0.19 3.80+0.12
−0.16 1.46 ± 0.15

Mrk 1146 5 0.59 ± 0.40 7.41 6 0.997 6 0.130 6 4.60+0.21
−0.30 4.58+0.12

−0.17 1.59 ± 0.16
Mrk 1506 7 1.06 ± 0.41 7.74 7 0.950 8 0.050 9 4.43+0.18

−0.11 4.43+0.07
−0.08 1.96 ± 0.05

NGC 3227 7 1.18 ± 0.31 7.22 7 0.998 10 0.040 13 4.47+0.30
−0.30 4.42+0.13

−0.19 1.89 ± 0.08
NGC 4051 7 0.55 ± 0.54 6.77 7 0.970 8 0.209 4 5.08+0.18

−0.17 4.96+0.03
−0.03 1.28 ± 0.31

NGC 4593 7 1.06 ± 0.50 6.73 2 0.905 10 0.120 3 4.00+1.00
−1.00 4.34+0.30

−1.34 1.39 ± 0.30
NGC 5548 7 0.55 ± 0.23 7.68 7 0.970 10 0.050 3 4.48+0.30

−0.30 4.50+0.14
−0.21 1.80 ± 0.12

PG 0003+199 5 0.52 ± 0.35 7.42 6 0.990 6 0.308 6 4.68+0.17
−0.17 4.69+0.09

−0.11 1.52 ± 0.13
PG 0007+106 5 0.48 ± 0.30 8.14 6 0.993 6 0.100 6 4.21+0.12

−0.12 4.22+0.06
−0.08 1.60 ± 0.14

PG 0026+129 12 0.71 ± 0.23 8.09 6 0.806 6 0.311 6 4.42+0.29
−0.24 4.48+0.13

−0.18 1.78 ± 0.11
PG 0049+171 5 0.81 ± 0.27 8.35 6 0.998 6 0.025 6 3.92+0.14

−0.18 3.88+0.08
−0.10 1.91 ± 0.07

PG 0050+124 5 1.95 ± 1.70 7.44 1 0.997 5 0.155 5 4.00+1.00
−1.00 4.15+0.30

−1.15 1.52 ± 0.34
PG 0054+144 5 1.15 ± 0.53 8.97 6 0.996 6 0.017 6 3.64+0.22

−0.29 3.42+0.05
−0.05 1.96 ± 0.05

PG 0804+761 12 0.27 ± 0.18 8.22 6 0.912 6 0.157 6 4.25+0.22
−0.20 4.28+0.11

−0.14 1.42 ± 0.16
PG 0923+129 5 0.21 ± 0.11 7.25 6 0.998 6 0.220 6 4.67+0.15

−0.18 4.67+0.09
−0.11 1.31 ± 0.10

PG 0923+201 5 0.74 ± 0.47 9.02 6 0.996 6 0.027 6 3.66+0.17
−0.24 3.61+0.10

−0.13 1.81 ± 0.14
PG 1022+519 12 0.50 ± 0.43 7.15 1 0.650 5 0.275 5 4.98+0.20

−0.20 4.91+0.06
−0.07 1.51 ± 0.19

PG 1309+355 5 1.41 ± 0.73 9.06 6 0.991 6 0.024 6 3.63+0.30
−0.36 3.36+0.06

−0.07 1.94 ± 0.06
PG 1501+106 5 0.93 ± 0.73 8.53 6 0.998 6 0.025 6 3.88+0.17

−0.25 3.83+0.11
−0.14 1.74 ± 0.17

PG 1545+210 5 2.03 ± 0.44 9.32 6 0.916 6 0.021 6 3.52+0.42
−0.31 3.27+0.04

−0.04 1.96 ± 0.05
PG 1613+658 5 0.75 ± 0.43 9.18 6 0.998 6 0.006 6 3.40+0.10

−0.13 3.32+0.04
−0.04 1.96 ± 0.05

PG 2112+059 12 0.72 ± 0.20 8.69 6 0.583 6 0.299 6 4.31+1.12
−0.42 4.19+0.14

−0.22 1.84 ± 0.11
PG 2214+139 5 1.23 ± 0.24 8.55 6 0.988 6 0.055 6 3.96+0.23

−0.26 3.77+0.04
−0.05 1.98 ± 0.03

PG 2233+134 12 0.55 ± 0.40 8.04 1 0.500 5 0.270 5 4.00+1.00
−1.00 4.30+0.30

−1.30 1.34 ± 0.36

Sources: (1) Vestergaard and Peterson [40]; (2) Peterson et al. [41]; (3) Satyapal et al. [42]; (4) Gnedin et al. [43]; (5) Afanasiev et al. [17];
(6) Piotrovich et al. [37]; (7) Afanasiev et al. [31]; (8) Piotrovich et al. [44]; (9) Piotrovich et al. [45]; (10) Our estimations based on the method
from Piotrovich et al. [37]; (11) Marin [46]; (12) Afanasiev et al. [16]; (13) Devereux [47]; (14) Savić et al. [48].

5. Analysis of the Estimated Parameters of the Magnetic Field

As mentioned earlier, the value of the spin a∗ has a rather weak effect on the results,
especially taking into account the fact that this value itself varies within rather narrow
boundaries. Therefore, the dependence of BH and s on a is negligible.

Figure 7 shows the obtained values of the magnetic field at the event horizon BH
and the exponent of the power-law dependence s in graphical form. No pronounced
dependence among these parameters on each other is observed. However, one can notice
that the values are concentrated in the right side of the graph. It should be noted that all
the values of s we obtained are greater than the 5/4 value usually adopted for accretion
disks in type 1 Seyfert nuclei [19]. Figure 8 presents the dependence of the magnetic field
strength at the event horizon of the SMBH on its mass. There is a linear dependence
of the form log BH[G] ≈ (−0.69 ± 0.04) log(MBH/M�) + (9.76 ± 0.35), which in a close
agreement with a similar relation obtained by us in Piotrovich et al. [37]. Figure 9 depicts
the dependence of the exponent of the power-law index s on the SMBH mass MBH. We
find a linear dependence s ≈ (0.19± 0.04) log MBH/M� + (0.18± 0.34). It should be noted
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here that the accuracy of this linear approximation is lower than that obtained for BH.
Figure 10 displays the dependence of the magnetic field at the event horizon of the SMBH
on its Eddington ratio lE. We derive a linear dependence of the form log BH[G] ≈ (1.05 ±
0.09) log lE + (5.38 ± 0.11) in agreement with the results obtained by Piotrovich et al. [37].
Figure 11 gives the dependence of the exponent of the power-law dependence of s on the
Eddington ratio lE. A linear dependence of the form s ≈ (−0.25± 0.06) log lE +(1.41± 0.08)
is visible, which, however, also has a lower accuracy than for BH.

Figure 7. The obtained values of the magnetic field intensity BH and the exponent of the power-law
dependence s.

−

Figure 8. Dependence of the magnetic field intensity BH on the mass of the SMBH MBH.
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Figure 9. Dependence of the exponent of the power-law dependence s on the SMBH mass MBH.

− − − − − − −

Figure 10. Dependence of the magnetic field intensity BH on the Eddington ratio lE.
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− − − − − − −

−

Figure 11. Dependence of the exponent of the power-law dependence s on the Eddington ratio lE.

The histograms in Figures 12 and 13 show the distributions of objects by the values
BH and s. It should be noted that these histograms cannot be regarded as a source of
completely accurate statistical data due to the limited number of objects. Our results are
only estimates. It can be seen that, for the magnetic field, the peak of the distribution falls
on the region 4.0 < log BH[G] < 4.5. For comparison, we can mention that in our work
Piotrovich et al. [37] the peak of the distribution was in the region of 3.5 < log BH[G] < 4.0.
This statistical difference is most likely due to the low statistics in current study. In general,
these results are consistent with results from Daly [38].

As for the parameter s, the peak of the distribution is in the region of 1.85 < s < 2.00,
which is quite interesting, given that, as mentioned earlier, the standard value of s for
accretion disks of the Shakura–Sunyaev type is usually considered to be 5/4 [19].

Table 3 presents the main statistical properties of the parameters of our model and the
results of our calculations. The statistical properties of BH were found to be close to the
values from Piotrovich et al. [37] and Daly [38].

Table 3. Basic statistical properties of the parameters. “Mean” indicates the arithmetic mean, “Median”
the median value, “SD” the standard deviation.

Parameter Mean Median SD

log MBH/M� 8.05 8.14 0.72
log lE −1.19 −1.22 0.51

log BH[G] 4.06 4.15 0.52
s 1.70 1.74 0.22
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Figure 12. A histogram showing the number of objects with a certain BH value.

Figure 13. A histogram showing the number of objects with a certain s value.

6. Conclusions

Based on the spectropolarimetric data of 33 Seyfert type 1 galaxies obtained with the
BTA-6m telescope of the Special Astrophysical Observatory, estimates of the values of
magnetic fields at the event horizon of the SMBHs BH and the values of the exponents
of the power-law dependence s of the magnetic field on the radius B(R) = BH(RH/R)s,
where RH is the radius of the event horizon.

The average value of log BH[G] was found to be ∼4, which is in good agreement with
the results obtained by other methods [37,38], in which the magnetic field strength was
estimated using the physical parameters of the relativistic jets. It was possible to reveal
the dependence of the magnetic field on the SMBHs mass and the Eddington ratio of the
form log BH[G] ≈ (−0.69 ± 0.04) log(MBH/M�) + (9.76 ± 0.35) and log BH[G] ≈ (1.05 ±
0.09) log lE + (5.38 ± 0.11), which agree well with the results of Piotrovich et al. [37].

The average value of s is s ≈ 1.7, and the maximum distribution over s is within
1.85 < s < 2.0. This is a rather interesting result, since s = 5/4 is usually taken in cal-
culations for accretion disks in type 1 Seyfert nuclei. We also managed to estimate
the dependence of s on the SMBHs mass and the Eddington ratio of the form s ≈
(0.19 ± 0.04) log MBH/M� + (0.18 ± 0.34) and s ≈ (−0.25 ± 0.06) log lE + (1.41 ± 0.08).
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In addition, although these approximations have a larger error than in the case of BH,
they are still of interest. In particular, it may indicate that the more complex disk mod-
els are required than the Shakura–Sunyaev model. This problem undoubtedly requires
further study.

In addition, for two objects PG 1545+210 and 2MASX J06021107+2828382, the mea-
sured polarization value was found to be greater than the maximum possible value at the
inclination angle between the line of sight and the axis of the accretion disk i = 45◦. Since
the polarization increases with the angle, it was concluded that for these objects the angle
should be closer to i = 60◦.
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Abstract: Scattered radiation of circumstellar (CS) dust plays an important role in the physics of
young stars. Its observational manifestations are various but more often they are connected with
the appearance of intrinsic polarization in young stars and their CS disks. In our brief review we
consider two classes of astrophysical objects in which the participation of scattered radiation is key for
understanding their nature. First of all, these are irregular variables (UX Ori type stars). The modern
idea of their nature and the mechanism of their variability has been formed thanks to synchronous
observations of their linear polarization and brightness. The second class of objects is the CS disks
themselves. Their detailed investigation became possible due to observations in polarized light using
a coronographic technique and large telescopes.

Keywords: protoplanetary disk; scattered radiation; linear polarization; UX Ori stars; RW Aur

1. Introduction

Scattered radiation of circumstellar disks, as a rule, makes a small contribution to the
optical radiation of young stars. The exception is a subclass of irregular variable stars with
UX Ori as a prototype [1], and a small number of highly embedded stars and stars with
edge-on disks. The family of UX Ori stars includes mainly the stars of the Ae spectral
type. For a long time broadband photometric observations were the only method for
their investigation. However, such observations could not unambiguously determine the
mechanism of their unusual variability, representing a sequence of stochastic brightness
weakening with an amplitude up to 2–3m and duration from a few days to a few weeks.
The same observations can often be explained in completely different ways. For example,
the reddening of the star with a decrease in its brightness has been equally well interpreted
with both an increase in the CS extinction [2], and an appearance of magnetic spots on the
star [3].

The important role of scattered radiation in understanding the nature of the variability
of these objects was first pointed out by one of the authors of this paper [4]. During the deep
brightness minima caused by screening the star with the CS gas and dust clouds, the direct
radiation of the star is blocked by the screen. At such moments, the scattered radiation of
the CS dust dominates the observed radiation. This explains a range of properties of these
objects, including the unusual behavior of color indices at brightness fading, restriction of
the brightness amplitudes and increases in the linear polarization in the brightness minima.
Based on these facts, Grinin et al. [5] determined the evolutionary status of the stars from
this subclass: the UX Ori stars (or UXOrs) are usually young stars, namely, intermediate-
mass Herbig Ae stars surrounded by protoplanetary disks, and they differ from the usual
photometrically inactive Herbig stars only with a small inclination of their CS disks to the
line of sight. This conclusion has been supported by further investigations [6,7], including
interferometric observations in the near-infrared region of the spectrum [8,9].

It should be noted that an addition of the photometrically active UX Ori type stars to
the photometrically inactive (“classical”) Herbig AeBe stars had a strong influence on the
further development of our ideas about all classes of Herbig stars. It turned out that these
stars are not surrounded by spherical gas and dust envelopes, as previously assumed (see,
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e.g., [10]), but by circumstellar disks. It was also found that the Herbig stars demonstrate
not only spectral signs of the matter outflow but also signs of accretion. It all depends on
the angle between the disk plane and the line of sight [11,12].

2. Coronographic Effect

During the long-standing photopolarimetric observations of the UX Ori type stars,
it turned out that the observed changing in the linear polarization parameters is well
described with the model suggested in [4]. It claims that the CS dust clouds obscure the
star from the observer but do not influence the optical properties of the scattered radiation
of the CS disk. The latter means that the shadow zones on the disk created by the clouds
are much smaller in comparison with its size. Herewith the dust cloud themselves also do
not influence the polarization of the stellar radiation that passes through them. The latter
means that the dust grains in the clouds are not lined up. In this condition, changes in the
intensity of the observed radiation during the eclipse Iobs are described with the following
simple relationship:

Iobs = I∗e−τλ + Isc, (1)

where I∗ is the intensity of the stellar radiation out of the eclipse, τλ is the optical depth of
the cloud screening the star at the wavelength λ, and Isc is the intensity of the scattered
radiation, which is considered unchanged during the eclipse, as was mentioned above.

The dependence of τ on λ is assumed as τλ = τ f (λ), which suggests that within the
stellar disk the screen is homogeneous (this permits us to treat the star as a point source of
light), and dependence of its optical depth on the wavelength does not change during the
eclipse. The latter assumption is based on a very important observational fact: the existence
of the straight section on the color–magnitude diagram that is used to determine the CS
extinction law (see, e.g., [13]).

From Formula (1) one can directly obtain a link between the intensity of the scattered
radiation of the disk and the possible maximum amplitude of the stellar brightness reduction:

(Δm)max = 2.5 log(1 + I∗/Isc), (2)

Knowing the magnitudes (Δm)max from the photometric observations, one can imme-
diately find for each star the contribution of the scattered radiation of the CS disk to the
optical radiation of the star out of the eclipse. On average about 10% [4] is confirmed when
modeling the interferometric observations [9].

This model explains changes in the color indices observed in UX Ori type stars during
the brightness minima (Figure 1), and describes well the observational link between the
brightness variations and parameters of the linear polarization of these stars. It permits us
to distinguish with high accuracy between the intrinsic polarization of the star caused by
the scattered radiation of the CS disk and the interstellar one:

Pobs = PIS + Pin(Δm), (3)

Here Pobs, PIS and Pin are pseudo-vectors of the observed, interstellar and intrinsic
polarization of the investigated star, and Δm is the amplitude of the diminution of the star
brightness counted from its brightest state.

Pin(Δm) = Pin(0) e−0.4 Δm. (4)
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Figure 1. Color–magnitude diagram of the UX Ori type star WW Vul from observations of the deep
brightness minimum in 1997 [14]. Open circles mark the ascending part of the minimum; triangles
mark its descending part. Lines show theoretical dependencies calculated in [15] on the base of
Equation (1).

After making up such equations for each i-th observation, we obtain a redundant
system of equations for each photometric band. The solution of such a system with the
least square method allows us to find two unknown quantities, PIS and Pin(0). Each of
them is a pseudo-vector that gives the degree of the interstellar and intrinsic polarization
and their position angles. Thus, for each photometric band the model solution is obtained
on the base of the observed photometry and polarimetry of the object investigated. Then,
this information is used for modeling the physical parameters of the CS dust (including
the chemical composition and the particle size distribution), and what is more important,
parameters of the protoplanetary disks (see, e.g., [16–18]). The most important results
obtained in this field are as follows: (1) the circumstellar dust in the surface layers of the
protoplanetary disks is close to the dust in the interstellar medium with its chemical com-
position and differs from it in minimum grain size, which is about an order of magnitude
larger than that in the interstellar medium; and (2) the best agreement with observations is
provided by the model of the protoplanetary disk with thickening in the dust evaporation
zone [18]. In particular, this model explains a non-trivial observational fact: the hopping
change in the position angle of the linear polarization in some young stars with changing
in the wavelength of the radiation [19].

As an example, in Figure 2 it is shown that the linear polarization degrees depend on
the brightness of the UX Ori type star WW Vul in the U band from [14]. One can see that it
corresponds rather well with the model curve calculated on the base of Equations (2) and
(3). Generally, the results of the synchronous observations of the linear polarization and the
brightness of the UX Ori type stars show that, like in T Tauri stars [20], the main source of the
linear polarization in the Herbig Ae stars in the visible spectrum is the scattered radiation
of the circumstellar dust. The role of the optical dichroism in the formation of intrinsic
polarization in the young stars is negligible. The circumstellar clouds intersecting the line
of sight play the role of a natural coronograph: in blocking the direct radiation of the star,
they permit us to observe the weak scattered radiation of the disk. This radiation turned
out highly polarized (5–8%) [5], leading to the conclusion about the small inclinations of
the disks in UX Ori type stars to the line of sight.
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Figure 2. Dependence of the linear polarization degree on the brightness of the UX Ori type
star WW Vul in the U band from [14]. Lines show theoretical dependencies calculated using
Equations (2) and (3).

2.1. Simulations of Long-Lasting Eclipses

Cases are known in which eclipses of the UX Ori type stars lasted several months.
During such events an interesting phenomenon was observed: the change in the position
angle of polarization was out of sync with the change in the star brightness [14,21]. Simu-
lation of such events showed [22] that the reason of these anomalies was an obscuration
of a noticeable part of the disk with the dust screen. This led to the appearance of vast
shadows on the disk whose movement on the disk behind the screen generated changes in
the parameters of the disk intrinsic polarization. Of course, in such cases the coronographic
effect mentioned above cannot be realized completely.

Very seldom are deep eclipses lasting more than a year observed in young stars [23–27].
Their physics apparently differs from the simple model of the CS dust cloud transit across
the stellar disk accepted for the UX Ori type stars. Such eclipses indicate the appearance
of a large amount of matter in the nearest vicinity of the star, for example, as a result of
the fall of massive gas and dust blobs from the remnant of the protostellar cloud onto
the CS disk. Such a type of cloudy accretion onto the young objects was discussed in the
literature according to FUORs outbursts [28]. Certain hopes were placed on this mechanism
in connection with the discussion of the nature of the eclipses of UX Ori type stars [29].
However, this hypothesis did not receive support because of the significantly modest scale
of the eclipses observed in these stars. This can be due to density fluctuations in the dusty
atmosphere of the disk, or in the disk wind.

In the case of eclipses lasting years, the cloudy accretion may well be a source of
matter into which the young object is temporarily immersed. In favor of this suggestion
two observational facts testify: (1) an increase in infrared fluxes at the wavelengths ≥2 μm
observed during the optical minima in some T Tauri stars [30–32] (this means that during
such events the CS dust blocks the large amount of stellar radiation and that this dust is
fairly close to the star); (2) an increase in the linear polarization of one of them (RW Aur) up
to 30% in the I band [33]. Such high polarization is typical for very young stars immersed in
gas and dust cocoons. Its source is the radiation of the star scattered in the polar (optically
semi-transparent) regions of the cocoon [34]. The position angle (P.A.) of linear polarization
in such objects is parallel to the disk plane (see, e.g., [33]).

2.2. Scattering by Moving Dust

As is known, the main part of the thermal radiation of the protoplanetary disks in the
near-infrared spectrum region originates near their inner boundary of the dust sublimation
zone [35,36]. In the vicinity of this region, the main part of the scattered radiation is
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also formed. In T Tauri stars this region is at a distance of 5–10 stellar radii and rotates
with velocities of about 150–200 km/s. Therefore, in the scattering of stellar radiation
by dust particles the frequency of the scattered radiation will change due to the Doppler
effect [37,38]. For the broadband observations this effect has no meaning. However, when
studying the spectra of the UX Ori type stars and relative objects it has to be taken into
account. Such a problem was first solved in [39]. An example of the photospheric line
transformation in the spectrum of the T Tauri type star during the deep brightness minimum
is presented in Figure 3. It is seen that at first in the absorption line wide wings appear
due to an increase in the contribution of the scattered radiation. In the deep minimum
the photospheric line transforms into a shallow but wide absorption band. Keeping in
mind that the spectrum of T Tauri type star is rich with photospheric lines, one should
expect that in its spectrum of the scattered radiation wide bands will overlap because of
blending and form a quasi-continuum [40]. This case is illustrated by the fragment of the
synthetic spectrum of the typical T Tauri star in the vicinity of Ca I 6103 and 6122 Ålines
shown in Figure 4 in the bright state and in the deep minimum. Namely, the same spectrum
transformation was recently observed at the deep brightness minimum for RW Aur [41,42].

Figure 3. Photospheric line broadening in the T Tauri type star (solid line) during an eclipse due to
scattering at the inner boundary of the protoplanetary disk. The dot-dashed line corresponds to the
total eclipse.

Figure 4. A part of the synthetic spectrum of RW Aur in the vicinity of the Ca I 6103 and 6122 Å lines
in the bright state (black) and the deep minimum (red).

The other source of the intrinsic polarization of young stars can be the dust component
of the disk wind [18]. In this case the moving dust has two velocity components: tangential
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and poloidal ones. Therefore, the scattering of stellar radiation by the disk wind can lead
to more complex transformation of the photospheric lines: to the line broadening due to
rotation and redshift due to the poloidal motion. This issue is briefly discussed in [38,39]
and deserves a more detailed quantitative analysis.

In UX Ori type stars the effect considered above is revealed in a significantly weaker
form [38]. This is caused by two reasons: (1) in most of these stars the photospheric lines
are broadened by the strong stellar rotation; (2) the dust sublimation zone is located much
farther from the star due to the higher luminosity. Therefore, the Keplerian velocities of
the disk in this region are significantly less compared to those in T Tauri stars. Figure 5
demonstrates the part of the synthetic spectrum of the UX Ori type star CQ Tau in the
vicinity of the Fe II 5018 line in the bright state and the deep minimum. It is seen that in
this case the spectrum of the scattered radiation differs little from the photospheric one.

Figure 5. A part of the synthetic spectrum of CQ Tau in the vicinity of the Fe II 5018 Å line in the
bright state (black) and the deep minimum (red).

The same occurs in the emission lines in the spectra of young stars. Nevertheless,
the influence of the scattered radiation on the emission lines is well known from the
observations of the linear polarization (see [43] and cited papers therein). When traversing
the Hα line profile, both the value and position angle change, which reflects the contribution
of various parts of the CS disk to the polarization of the different parts of the line profile.
As shown in [43], this effect is sensitive to the parameters of the inner CS disk regions,
and may shed additional light on their structure.

3. Images of Circumstellar Disks in the Scattered Light

The coronographic method has been very successful in observations of the scattered
radiation of the CS debris disks. In particular, with its help Smith and Terrile [44] first
observed the circumstellar disk of β Pictoris. This disk is seen nearly edge-on on the
coronographic image. Therefore, its radiation (as well as the radiation of the UX Ori type
stars) was found to be strongly polarized [45]. The coronographic observations with HST
revealed that the inner region of the β Pic disk was slightly curved relative to its outer
part [46]. The authors of the paper quoted above suggested that this curvature was caused
by a disturbing body (a massive planet) whose orbit was slightly inclined relative to the
plain of the outer disk. Fourteen years later this planet has been found [47], also with the
coronagraphic technique. An important contribution to such observations has been made
with the Hubble Space Telescope (see, e.g., [48,49] and references there).

At the present time the technique of observations of weak objects in the vicinity of
stars based on the coronographic method is widely used in the different astrophysical fields,
among them the study of the fine structure of the circumstellar disks in polarized light
(see, e.g., [50–53] and the references therein). Of particular interest are the first and rather
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successful attempts to monitor the protoplanetary disk images in the polarized light [51].
They showed that on the images of the CS disk of HD 135344B (observed nearly pole-on),
the shadows were caused by absorption of the stellar radiation by local perturbations
in the inner disk. These shadows are manifested as narrow radial bands of the variable
brightness, and also as the wide bands caused by absorption by large scale structures.
These observations point to the direct physical connection between eclipses of the UX Ori
type stars and shadow formation on the circumstellar disks.

Another example of successful monitoring of a circumstellar disk in the polarized light
is the long-term observations of CQ Tau [54]. This star is one of the most active members of
the UXOrs family [55], having a very complex light curve [56]. According to interferometric
observations in the near-IR [57] and millimeter wavelengths [58,59], the inner and outer
parts of the CS disk of CQ Tau have different inclinations: i = 48.5 ± 5◦ and i = 35◦,
correspondingly. In such cases, a narrow shadow from the inner disk can be observed on
the outer one (see, e.g., [60–62]). The observations of CQ Tau have demonstrated that such
a shadow exists on the peripheral region of its CS disk [54].

The aforementioned interferometric observations of CQ Tau support the point of view
according to which the extinction events in UX Ori stars take place in the innermost part of
the CS disk where the NIR radiation is formed. Continuation of such observations is of
undeniable interest for understanding the nature of the perturbations in the inner regions
of CS disks, which can be caused by different reasons such as an azimuthal heterogeneity
of the dusty disk wind, collisions of planetesimals or hydrodynamical fluctuations in the
dust evaporation zone of the disk.

If the extinction events are driven by the disk wind, the UXOrs activity will depend
not only on the disk inclination but also on the mass loss rate and the dusty wind loading
area. The latter depends on the magnetic field in the disk and the star luminosity. The mass
loss and accretion rates are closely connected. Therefore, in this case the UXOrs activity
will be sensitive to the disk inclination, as well as the stellar luminosity and mass accretion
rate.

The Edge-On Disks

Young stars with edge-on CS disks are also observed through scattered light. The proto-
type of such objects is the well-known T Tauri star HH 30. The first image of this object was
obtained with high resolution by Burrows et al. [46] with the Hubble Space Telescope. It re-
vealed a flared CS disk (in accordance with the prediction of the Shakura and Sunyaev [63]
model (see Kenyon and Hartmann [64]) and the highly asymmetric jet. In addition to the
jet, a conical molecular outflow is also observed in the CO lines [65]. Photometric and po-
larimetric observations have shown that HH 30 is a variable object [66–68]. It demonstrates
the periodic variability of brightness and linear polarization with a period of 7.49 days [67].
The physical model of such a periodicity is not clear. It could be a hot spot on the rotating
star or periodic variations of the CS extinction in the star’s vicinity.

Variable illumination of the disk leads to changes in its shape [67]. These changes
are one of the most interesting manifestations of the circumstellar activity of young stars
reminiscent of the moving shadows on the disk images [50]. The other non-trivial special
property of HH 30 is its almost one-side jet and molecular outflow [46,64,69]. The origin of
such asymmetric outflows is discussed in [70]. An opposite case of the edge-on disk with a
well-developed and almost symmetrical jet is HH 212 [71].

To date, more than ten young stars with edge-on disks are known (see, e.g., [72] and
the references there). Most of them are T Tauri stars. Observations and modeling of such
objects permit us to study in detail the internal structure of CS disks (see, e.g., [73,74]). It is
obvious that the spectra of such objects are strongly distorted by the scattered radiation [37].

4. Intrinsic Polarization of Young Stars and Orientation of Their CS Disks

The position angle of linear polarization depends on the geometry of the scattering
medium. Calculations show [75] that in models with the classical accretion disk (with a
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flared surface) the P.A. is orthogonal to the disk plane. In the stars at earlier evolution-
ary stages surrounded by accreting envelopes the P.A. is parallel to the disk plane [76].
The average age of the UX Ori type stars is several million years [77]. Therefore, most
of them belong to the first group of young stars. Keeping in mind what was mentioned
above, one can use the position angle of the intrinsic polarization in order to determine the
orientation of protoplanetary disks in the projection on the sky plane. Such a possibility
was confirmed by results of interferometric observations of UX Ori in the near-infrared
spectrum region: according to [9] the position angle of the symmetry axis of its circumstellar
disk is equal to 127.5 ± 24.5◦. Polarimetric observations of UX Ori in the deep minima give
P.A. = 125◦–129◦ [21,78]. Orientation of the circumstellar disk of another UX Ori type star
VV Ser is determined with the position of the shadow formed by the disk on the reflective
nebula behind the star. According to [79], the P.A. of the shadow is equal to 15 ± 5◦, which
corresponds to the P.A. of the disk symmetry axis 105 ± 5◦. Observations of the intrinsic
polarization of VV Ser gives the position angle in the close range: P.A. = 88◦–100◦ [80].

These two examples testify that the linear polarization of most UX Ori type stars in
the deep brightness minima in fact characterizes the position of the symmetry axis of the
circumstellar disk on the sky plane, and this position can be compared with the direction of
the interstellar magnetic field determined with the help of polarization of the neighboring
stars. Unfortunately, this is not always possible because of the complex structure of the
interstellar magnetic fields in star formation regions. Figure 6 shows an example of the
polarization map of the BM And, as well as the vicinity in which the polarization pseudo-
vectors of BM And itself are shown in the bright stage and deep brightness minimum. It
is seen that the interstellar magnetic field in the stellar vicinity is fairly homogeneous in
direction, and the position angle of the stellar intrinsic polarization coincides with this
direction with high accuracy [81]. This implies that the interstellar magnetic filed controlled
the star formation process from the protostellar cloud, and that the circumstellar disk of the
star “remembered” the direction of the magnetic lines.

Similar results have also been obtained during photopolarimetric observations for
three other UX Ori type stars: WW Vul [14], BF Ori [82] and VV Ser [79,83,84]. Furthermore,
the same method was used in [85] for a large group of Herbig AeBe stars. It was shown
that subsamples of the more polarized stars from their list present a statistically significant
tendency toward intrinsic polarization aligned with the interstellar magnetic field.

Figure 6. Polarization map of the BM and as well as the neighborhood from [81,84]. Two values of
the star polarization are given: at the bright state and at the deep minimum. Credit: Grinin et al. 1995,
A&AS, 112, 457, reproduced with permission © ESO.
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5. Conclusions

Thus, although the scattered radiation of protoplanetary disks makes up only a very
small part of the radiation of young stars, its existence provides us very important infor-
mation about young stars and their circumstellar environment. Of great interest is the
possibility to study the orientation of CS disks not resolved in a telescope with the help
of polarimetric observations. Polarized radiation makes it possible to see fine details on
the disk images and study their structure and variability. Photopolarimetric observations
of UXOrs and their modeling permit us to investigate the perturbations in the innermost
regions of the disks where planetary systems are formed.
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Abstract: It is accepted in the present cosmology model that the scalar field, which is responsible
for the inflation stage in the early universe, transforms completely into matter, and the accelerated
universe expansion is presently governed by dark energy (DE), whose origin is not connected with
the inflationary scalar field. We suppose here that dark matter (DM) has a common origin with
a small variable component of dark energy (DEV). We suggest that DE may presently have two
components, one of which is the Einstein constant Λ, and another, smaller component DEV (ΛV)
comes from the remnants of the scalar field responsible for inflation, which gave birth to the origin of
presently existing matter. In this note we consider only the stages of the universe expansion after
recombination, z � 1100, when DM was the most abundant component of the matter, therefore we
suggest for simplicity that a connection exists between DM and DEV so that the ratio of their densities
remains constant over all the stages after recombination, ρDM = αρDEV , with a constant α. One of the
problems revealed recently in cosmology is a so-called Hubble tension (HT), which is the difference
between values of the present Hubble constant, measured by observation of the universe at redshift
z � 1, and by observations of a distant universe with CMB fluctuations originated at z ∼ 1100. In this
paper we suggest that this discrepancy may be explained by deviation of the cosmological expansion
from a standard Lambda-CDM model of a flat universe, due to the action of an additional variable
component DEV. Taking into account the influence of DEV on the universe’s expansion, we find the
value of α that could remove the HT problem. In order to maintain the almost constant DEV/DM
energy density ratio during the time interval at z < 1100, we suggest the existence of a wide mass
DM particle distribution.

Keywords: dark energy; dark matter; Hubble constant

1. Introduction

During his long and successful scientific career, Yu. N. Gnedin worked also on
problems on the border of physics and cosmology, namely on the possibility of direct
searching, in astronomical observations, for axions, belonging to the family of Goldston
bosons. These tiny particles, introduced by theoretical physicists, have been proposed as
candidates for dark matter, whose presence was necessary for interpretation of different
astronomical observations. During the years 1992–2009, Yu. N. Gnedin published at least
six papers on this intriguing topic [1–6]. The cosmological model considered in this paper
demands the presence of very light particles in DM, and axions could be the best candidates
for that.

Here we consider a cosmological model that differs slightly from the widely accepted
ΛCDM model by having two components of the dark energy instead of the usually con-
sidered one component represented by Λ. The model considered here is constructed in
order to explain the so called “Hubble Tension”, which is the observed discrepancy be-
tween different averaged “local” measurements of the Hubble constant from one side,
and distant measurements based on the analysis of the CMB fluctuations, connected with

Universe 2021 , 7 , 412. https://doi.org/10.3390/universe7110412 https://www.mdpi.com/journal/universe
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the recombination epoch at redshift z ∼ 1100. In order to compare these two measure-
ments, it was necessary to specify the cosmological model for determining the present
value of the Hubble constant from distant measurements. We accept that the origin of HT
is connected with the not fully appropriate ΛCDM model, and suggest its modification
removing this discrepancy.

While the present value of the Hubble constant (HC) is one of the most important
cosmological parameters, its measurements for many years have been performed by
different astronomical groups (“local measurements”). These measurements have been
based on several steps in order to have a possibility for independent distance measurements
of more and more distant objects with observed runaway velocities. The use of different
steps in this sequence by different groups has resulted in finding different values for the
HC, from ∼50 km/s/Mps by the Sandage–Tamman group to ∼100 km/s/Mps by the
de Vacouleurs group [7]. Over time the local HC measurements at redshift z � 1 have
been substantially improved due to construction of big telescopes and measurements
by the Hubble mission, which permitted the narrowing of this interval of the HC to
72–75 km/s/Mps.

The measurements of the CMB fluctuations by instruments in the satellites WMAP and
PANCK gave the possibility for fully independent HC measurements at the recombination
epoch. HT appears when you compare the present values of the HC obtained from CMB
using a simple ΛCDM model with local measurements. It is claimed that the discrepancy in
these two values is statistically significant in the range 4.5σ to 6.3σ [8]; see, nevertheless [9].

It is accepted in the present cosmology model that the scalar field, which is responsible
for the inflation stage in the early universe, transforms completely into matter, and the
accelerated universe expansion is presently governed by dark energy (DE), whose origin
is not connected with the inflationary scalar field. We suppose here that dark matter
(DM) has a common origin with a small variable component of dark energy (DEV). We
suggest that DE presently may have two components, one of which is the Einstein constant
Λ, and another, smaller component DEV (ΛV) comes from the remnants of the scalar
field responsible for inflation, which gave birth to the origin of presently existing matter.
In this note we consider only the stages of the universe’s expansion after recombination,
z � 1100, when DM is the most abundant component of the matter; therefore, we suggest
for simplicity that a connection exists between DM and DEV so that the ratio of their
densities remains constant over all the stages after recombination ρDM = αρDEV , with a
constant α.

In this paper we suggest that this discrepancy may be explained by the deviation of
the cosmological expansion from a standard Lambda-CDM model of a flat universe, due to
the action of an additional variable component DEV. Taking into account the influence of
DEV on the universe’s expansion, we find the value of α that could remove the HT problem.
In order to maintain the almost constant DEV/DM energy density ratio during the time
interval at z < 1100, we suggest the existence of a wide mass DM particle distribution.

2. Universe with Common Origin of DM and DE

The scalar field with the potential V(φ), where φ is the intensity of the scalar field,
is considered the main reason for the inflation [10,11], but see [12]. The equation for the
scalar field in the expanding universe is written as [13]

φ̈ + 3
ȧ
a

φ̇ = −dV
dφ

. (1)

Here a is a scale factor in the flat expanding universe [7]. The density ρV and pressure
PV of the scalar field 1 are defined as [13]

ρV =
φ̇2

2
+ V, PV =

φ̇2

2
− V. (2)
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Consider the universe with the initial scalar field, at initial intensity φin and initial
potential Vin, and at zero derivative φ̇in = 0. The derivative of the scalar field intensity is
growing on the initial stage of inflation.

Let us suggest that after reaching the relation

φ̇2 = 2αV, (3)

it is preserved during further expansion. The kinetic part of the scalar field is transforming
into matter, presumably dark matter, and the constant α determines the ratio of the the
dark energy density, represented by V, to the matter density, represented by the kinetic
term. As follows from observations, the main part of DE is represented presently by DE,
which may be considered as the Einstein constant Λ. At earlier times the input of constant
Λ is smaller than the input of ΛV , for a wide interval of constant α values.

Let us consider an expanding flat universe, described by the Friedmann equation [7]

ȧ2

a2 =
8πG

3
ρ +

Λ
3

. (4)

Introduce

ρφ = V, Pφ = −V, ρm =
φ̇2

2
, Pm = β

φ̇2

2
, with ρm = αρφ. (5)

We suggest that only part β of the kinetic term makes the input into the pressure of
the matter, so it follows from (3) and (5)

ρ = ρφ + ρm = (1 + α)V, P = Pφ + Pm = −(1 − αβ)V. (6)

The adiabatic condition

dρ

ρ + P
= −dV

V = −3
da
a

, V is the volume, (7)

may be written as

ρ̇ = −3
ȧ
a
(ρφ + ρm + Pφ + Pm) = −3

ȧ
a
(ρm + Pm) = −3α

1 + β

1 + α

ȧ
a

ρ. (8)

ρ

ρ∗
=

(
a
a∗

) 3α
2(1+α)

for β = 0. (9)

2.1. A Universe with Λ = 0

Suggest first that cosmological constant Λ = 0, and DE is created only by the part of
the scalar field ΛV , represented by V. The expressions for the total density ρ, scaling factor
a, and Hubble “constant” H follow from (4)–(8) as

a
a∗

= (6πGρ∗t2)
1+α

3α(1+β)

(
α(1 + β)

1 + α

) 2(1+α)
3α(1+β)

=

(
ρ∗
ρ

) 1+α
3α(1+β)

=

(
t
t∗

) 2(1+α)
3α(1+β)

,

ρ =

(
1 + α

α(1 + β)

)2 1
6πGt2 , H =

ȧ
a
=

2(1 + α)

3α(1 + β)t
. (10)

Here ρ∗ = ρ(t∗), a∗ = a(t∗), t∗ is an arbitrary time moment. Write the expressions
for particular cases. For β = 1/3 (radiation dominated universe) it follows from (10)
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a
a∗

= (6πGρ∗t2)
1+α
4α

[
4α

3(1 + α)

] 1+α
2α

=

(
ρ∗
ρ

) 1+α
4α

=

(
t
t∗

) 1+α
2α

,

ρ =

(
3(1 + α)

4α

)2 1
6πGt2 , H =

ȧ
a
=

1 + α

2αt
. (11)

For the value of β = 0 (dusty universe, z < 1100) we have

a
a∗

= (6πGρ∗t2)
1+α
3α

[
α

1 + α

] 2(1+α)
3α

=

(
ρ∗
ρ

) 1+α
3α

=

(
t
t∗

) 2(1+α)
3α

,

ρ =

(
1 + α

α

)2 1
6πGt2 , H =

ȧ
a
=

2(1 + α)

3αt
. (12)

2.2. A Universe in the Presence of the Cosmological Constant Λ

Equations (5)–(8) are valid in the presence of Λ. The solution of Equation (4) with
nonzero Λ is written in the form

(
a
a∗

) 3α(1+β)
2(1+α)

=

√
8πGρ∗

Λc2 sinh

(√
Λ
3

3α(1 + β)

2(1 + α)
ct

)
=

√
ρ∗
ρ

; (13)

√
Λc2

8πGρ
= sinh

(√
Λ
3

3α(1 + β)

2(1 + α)
ct

)
, H =

ȧ
a
=

√
Λc2

3
coth

(√
Λ
3

3α(1 + β)

2(1 + α)
ct

)
. (14)

For the dusty universe (β = 0), after recombination at z < 1100 we have

(
a
a∗

) 3α
2(1+α)

=

√
8πGρ∗

Λc2 sinh

(√
Λ
3

3α

2(1 + α)
ct

)
=

√
ρ∗
ρ

; (15)

√
Λc2

8πGρ
= sinh

(√
Λ
3

3α

2(1 + α)
ct

)
, H =

ȧ
a
=

√
Λc2

3
coth

(√
Λ
3

3α

2(1 + α)
ct

)
. (16)

The dusty universe without DEV is described by relations following from (15) and (16)
at α → ∞, giving

(
a
a∗

) 3
2
=

√
8πGρ∗

Λc2 sinh

(√
Λ
3

3
2

ct

)
=

√
ρ∗
ρ

; (17)

√
Λc2

8πGρ
= sinh

(√
Λ
3

3
2

ct

)
, H =

ȧ
a
=

√
Λc2

3
coth

(√
Λ
3

3
2

ct

)
. (18)

3. Hubble Tension

Recently, a challenge in cosmology was formulated because of different values, ob-
tained from different experiments, of the Hubble constant at the present epoch. There is a
significant discrepancy (tension) between the Planck measurement from cosmic microwave
background (CMB) anisotropy, where the best-fit model gives [14–16],

HP18
0 = 67.36 ± 0.54 km s−1 Mpc−1 , (19)

and measurements using type Ia supernovae (SNIa) calibrated with Cepheid distances [17–21],

HR19
0 = 74.03 ± 1.42 km s−1 Mpc−1 . (20)

Measurements using time delays from lensed quasars [22] gave the value

H0 = 73.3+1.7
−1.8 km s−1 Mpc−1, while in [23] it was found that
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H0 = 72.4 ± 1.9 km s−1 Mpc−1 using the tip of the red giant branch applied to SNIa, which
is independent of the Cepheid distance scale. Analysis of a compilation of these and other
recent high- and low-redshift measurements shows [24] that the discrepancy between
Planck [16] and any three independent late-Universe measurements is between 4σ and 6σ.
Different sophisticated explanations for the appearance of HT have been proposed [25–30]
(see also [31–34]) and new experiments have been proposed for checking the reliability of
this tension [35] (see also review [36]).

Dark matter (DM) and dark energy (DE) represent about 96% of the universe con-
stituents [14,17,18], but their origin is still not clear. The present value of DE density may
be represented by the Einstein cosmological constant Λ [37], but may also be a result of the
action of the Higgs-type scalar fields, which are supposed to be the reason for the inflation
in the early universe [10] (see also [11,12,38]). The value of the induced Λ, suggested for the
inflation, is many orders of magnitude larger than its present value, and no attempts have
been made to find a connection between them. The origin of DM is even more vague. There
are numerous suggestions for its origin [39–41], but none of these possibilities has been
experimentally or observationally confirmed, while many of them have been disproved.

To explain the origin of the Hubble Tension, we introduce a variable part of the cos-
mological “constant” ΛV , proportional to the matter density ρDM = αρDEV . This part of
ΛV influences the cosmological expansion at large redshifts, where the influence of the real
Einstein constant Λ is negligible. The value of ΛV is represented by a small component of
DE, which we define as DEV. We suppose here, without knowledge of the physical properties
of DM particles, that there is a wide spectrum of DM particle, which could be produced by
DEV until present time.

This seems necessary because at decreasing of the DEV field strength in the expanding
universe it would be able to make mutual transformations only with DM particles of
decreasing mass. The existence of particles with a very low rest mass (axions [42]) is
considered often as a candidate for DM. Note that in the paper of Yu N. Gnedin [5],
mutual transformations between axions and electromagnetic photons have been considered,
instead of the hypothetical “scalar field” in our model.

4. Removing the Hubble Tension

We consider a model of the expanding universe after recombination, at z ≤ 1100, with
a fixed ratio α of energy densities between DEV, connected with a scalar field, cosmological
constant Λ, and DM. If the mass spectrum of DM particles prolongs to very small masses,
then we may expect an almost constant DEV–DM ratio. In the inflation model of the
universe, only a scalar field was born at the very beginning, and matter was created in the
process of expansion from the dynamic part of the scalar field density.

Here we show that in presence of DEV the Hubble value H is decreasing with time
slower than without it. This creates a larger present value of H0, removing the Hubble
tension at α ∼ 140. The main idea of removing the tension is the following. The CMB
measurements give the value of the Hubble constant Hr, at the redshift z ∼ 1100, close to
the moment of recombination. This value is used for calculation of the present value of H0.

For analysis of the Hubble tension it is more convenient to use logarithmic variables,
so that from (10), (19) and (20) we have

log HP18
0 = log 67.36 = 1.83; log HR19

0 = log 74.03 = 1.87;

log
HR19

0

HP18
0

= Δ log H0 = 0.04. (21)

The Planck value HP
r was measured at the moment of recombination zr ≈ 1100, and

extrapolated to present time using a dusty flat Friedmann model with a very small input
from the cosmological constant Λ, when the values z, ω, a are connected as [7]

z + 1 =
ω

ω0
=

a0

a
. (22)
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In the case of an equipartition universe the extrapolation should be performed using
Equation (16). Numerical modeling of large-scale structure formation gives preference to
the cold dark matter model, corresponding to Pm ≈ 0, β = 0. In our interpretation the
Hubble tension is connected with incorrect extrapolation by Equation (16) without DEV.
From the value of Hubble tension in Equation (21) we may estimate α from the condition
that both measurements are correct, but the reported value HP18

0 is coming from the incorrect
extrapolation, and the actual present epoch value of the Hubble constant is determined
by HR19

0 .
From Equations (16) and (22) we obtain for a dusty universe, at β = 0, the following

connection between the recombination redshift zr ≈ 1100, the present age of the universe
t0 and the age of the universe tr, corresponding to the recombination, in the form

zrα + 1 =
a∗
arα

=

[√
8πGρ∗

Λc2 sinh

(√
Λ
3

3α

2(1 + α)
ctrα

)]− 2(1+α)
3α

=

(
ρ∗
ρrα

)− (1+α)
3α

, (23)

H =
ȧ
a
=

√
Λc2

3
coth

(√
Λ
3

3α

2(1 + α)
ctrα

)
. (24)

Here indices with α indicate the values in the universe with DEV. The index “0” is
related to present time at z0 = 0. The index “r” is related to the moment of recombination.
The values in the universe without DEV do not contain α in the indices, and are written as

zr + 1 =
a∗
ar

=

[√
8πGρ∗

Λc2 sinh

(√
Λ
3

3
2

ctr

)]− 2
3

=

(
ρ∗
ρr

)− 1
3
, (25)

H =
ȧ
a
=

√
Λc2

3
coth

(√
Λ
3

3
2

ctr

)
. (26)

The observational data are connected with a redshift, so we find the expression for the
time as a function of the redshift in the form

ctrα =
2(1 + α)

3α

√
3
Λ

sinh−1

[√
Λc2

8πGρ∗
(zrα + 1)

3α
2(1+α)

]
(27)

≈ α + 1
α
√

6πGρ∗
(zrα + 1)

3α
2(1+α) ,

ct0α =
2(1 + α)

3α

√
3
Λ

sinh−1

(√
Λc2

8πGρ∗

)
. (28)

At t = trα the argument of “sinh” is very small, so only the first term in the expansion
remains. Corresponding values for the universe without DEV are written as

ctr =
2
3

√
3
Λ

sinh−1

[√
Λc2

8πGρ∗
(zr + 1)

3
2

]
≈ 1√

6πGρ∗
(zr + 1)

3
2 , (29)

ct0α =
2(1 + α)

3α

√
3
Λ

sinh−1

(√
Λc2

8πGρ∗

)
. (30)

For zrα = zr ≡ zrec we obtain a connection between trα and tr as

trα =
α + 1

α
(zrec + 1)

3
2(1+α) tr. (31)

The ratio of Hubble constants at present time t0 to its value at the recombination time
trα, in the presence of DEV, using (16), is written as
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H0α

Hrα
=

coth
(√

Λ
3

3α
2(1+α)

ct0

)

coth
(√

Λ
3

3αctrα
2(1+α)

) =

tanh
(√

Λ
3

3αctrα
2(1+α)

)

tanh
(√

Λ
3

3α
2(1+α)

ct0

) =

√
Λ
3

3α
2(1+α)

ctrα

tanh
(√

Λ
3

3α
2(1+α)

ct0

) . (32)

The corresponding values for the case without DEV, at α → ∞, with recombination
time tr are written as

H0

Hr
=

coth
(√

Λ
3

3
2 ct0

)

coth
(√

Λ
3

3ctr
2

) =

tanh
(√

Λ
3

3ctr
2

)

tanh
(√

Λ
3

3
2 ct0

) =

√
Λ
3

3
2 ctr

tanh
(√

Λ
3

3
2 ct0

) . (33)

Using Equations (31)–(33), we obtain the ratio between the correct value H0α, identified
with the local measurement of H, and the value H0, obtained by calculations without
account of DEV, in the form

H0α

H0
=

tanh
(√

Λ
3

3
2 ct0

)

tanh
(√

Λ
3

3α
2(1+α)

ct0

) (zrec + 1)
3

2(1+α) . (34)

Numerical Estimations

Let us consider the following commonly accepted, averaged parameters of the uni-
verse, used in relation to the HT explanation.

Local Hubble constant Hl = 73 km/s/Mpc.
Distantly measured Hubble constant Hd = 67.5 km/s/Mpc.
Total density of the flat universe ρtot = 2 · 10−29h2 = 1.066 · 10−29 g/cm3, where

h = H/100 km/s/Mpc, with h = 0.73.
Distantly measured densities of the universe components, ρΛ∗ = 0.7ρtot = 7.5 · 10−30 g/cm3;

ρm∗ = 0.3ρtot.
Locally measured cosmological constant density [18] ρΛ0 = (0.44 ÷ 0.96) ρtot, (2σ

statistics).
Λ =

8πGρΛ∗
c2 = 1.40 · 10−56 cm−2.

Average age of the universe t0 = 4.35 · 1017 s [43].
The ratio of two Hubble constants is HTr =

Hl
Hd

= 1.08.
Identifying H0α ≡ Hl , H0 ≡ Hd, we obtain from (34)

H0α

H0
= 1.08 =

tanh
(√

Λ
3

3
2 ct0

)

tanh
(√

Λ
3

3α
2(1+α)

ct0

) (zrec + 1)
3

2(1+α) (35)

=
tanh(1.337)

tanh
(
1.337 α

1+α

) (1101)
3

2(1+α) =
0.87095

tanh
(
1.337 α

1+α

) (1101)
3

2(1+α) .

Finally we obtain the equation for α in the form

tanh
(

1.337
α

1 + α

)
= 0.8064(1101)

3
2(1+α) , α ≈ 140. (36)

Taking ρmr = 0.3ρtot, we obtain ρDEV = 0.0022ρtot, and the effective dark energy
density at present time should be equal to Ω0e f f = 0.7022, which is inside the limits of
local measurement of Λ0, as mentioned above. The local matter density of the flat universe
at present time is Ω0m = 0.2978, leading to the dark matter density Ω0dm = 0.2578, for the
baryon density Ω0b = 0.04.
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5. Discussion

We consider a cosmological model, where the DE input consists of two components:
cosmological constant Λ, and small variable part DEV, which is connected with a scalar
field, originated in the early universe and creating inflation. The energy density of this
variable part is uniquely connected with a matter density, and the matter itself was created
during the inflation stage. For simplicity we consider a cosmological model with a linear
connection between energy densities as αρDEV = ρDM. This model could give a solution to
the problem of Hubble Tension, which appears by using an inappropriate extrapolation
when finding the present value of the Hubble constant from Planck observational data.
We have solved the Friedmann equation in the presence of this relation, and have found
the value of α at which HT disappeared. The present DEV density needed for explanation
of HT phenomena is very small relative to the cosmological constant Λ. It influences the
cosmological expansion at larger redshifts, where the input of the Einstein constant Λ is
small. Presently the situation is opposite, Λ � ΛV , because decreasing of matter density
during cosmological expansion determines the transition from the quasi-Friedmann to
quasi-de Sitter stage. The estimation of the density ρΛV at the present epoch corresponds to
ΩΛV ≈ 0.0022, which slightly increases the present dark energy density. In the flat universe
it determines decreasing of the dark matter density due to transfer of its energy into DEV
in the condition of “equipartition” at constant α.

We have used for estimations a constant ratio of ρΛV /ρm = 1/α for the universe expan-
sion after recombination, at z < 1100, but deviations from this law should not qualitatively
change the conclusion that a relatively small average contribution of the variable ΩΛV may
explain the difference in Hubble constant measured at local and high-z distances.

The present parameters of the LCDM model have been estimated from the analysis
of CMB fluctuation measurements in WMAP and PLANCK experiments, having a power-
law spectrum of adiabatic scalar perturbations. The procedure is based on a search of
extremes in the multidimensional parameter space. The presence of HT (if real) adds an
additional restriction to this problem. The universe parameters obtained in this process
may be changed with this additional restriction. The computations could be performed
in the presence of a variable α. Decreasing of dark matter leads to decreasing of the field
amplitude, which may prevent the energy exchange between DM and DEV in the absence
of very light DM particles.

In our model the DM should be represented by wide mass spectrum particles, and
not by unique mass CDM particles, which are usually considered now. By analogy
with CMB, the lowest mass of DM particles should not presently exceed the value ∼
(ΩDEV/ΩCMB)

1/4 × kTCMB ≈ 7 · 10−4 eV, to retain the possibility of an almost constant α.

Funding: This work was supported by the Russian Science Foundation (grant No. 18-12-00378).

Acknowledgments: The author is very grateful to O. Yu. Tsupko for valuable comments.

Conflicts of Interest: The author declares no conflict of interest.

Note

1 In most equations below it is taken that c = 1.
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Abstract: We consider axionlike particles as the most probable constituents of dark matter, the
Yukawa-type corrections to Newton’s gravitational law and constraints on their parameters following
from astrophysics and different laboratory experiments. After a brief discussion of the results by
Prof. Yu. N. Gnedin in this field, we turn our attention to the recent experiment on measuring
the differential Casimir force between Au-coated surfaces of a sphere and the top and bottom of
rectangular trenches. In this experiment, the Casimir force was measured over an unusually wide
separation region from 0.2 to 8 μm and compared with the exact theory based on first principles
of quantum electrodynamics at nonzero temperature. We use the measure of agreement between
experiment and theory to obtain the constraints on the coupling constant of axionlike particles to
nucleons and on the interaction strength of a Yukawa-type interaction. The constraints obtained on
the axion-to-nucleon coupling constant and on the strength of a Yukawa interaction are stronger by
factors of 4 and 24, respectively, than those found previously from gravitational experiments and
measurements of the Casimir force but weaker than the constraints following from a differential
measurement where the Casimir force was nullified. Some other already performed and planned
experiments aimed at searching for axions and non-Newtonian gravity are discussed, and their
prospects are evaluated.

Keywords: dark matter axions; non-Newtonian gravity; measurements of the Casimir force;
hypothetical particles

1. Introduction

The problem of dark matter has a long history [1]. As found by J. Oort in 1932 when
studying stellar motion in the neighborhood of a galaxy, the galaxy mass must be well
over than that of its visible constituents [2]. A year later, F. Zwicky [3] applied the virial
theorem to the Coma cluster of galaxies in order to determine its mass. The obtained mass
value turned out to be much larger than that found from the number of observed galaxies
belonging to the Coma cluster multiplied by their mean mass. An excess mass, which
reveals itself only gravitationally, received the name dark matter.

According to current concepts, dark matter contributes to approximately 27% of the
energy of the universe although its physical nature remains unknown. There are many
approaches to this problem based on the role of some hypothetical particles, such as axions,
arions, massive neutrinos, weakly interacting massive particles (WIMP), barionic dark
matter, modified gravity, etc. (see [1,4–8] for a review).

The model of dark matter that finds support from astrophysics and cosmology is
referred to as cold dark matter. According to this model, dark matter consists of light

Universe 2021 , 7 , 343. https://doi.org/10.3390/universe7090343 https://www.mdpi.com/journal/universe
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hypothetical particles that are produced in the early universe and become nonrelativistic
already at the first stages of its evolution. The most popular particle of this kind is an axion,
i.e., a pseudoscalar Nambu–Goldstone boson introduced to solve the problem of strong CP
violation in Quantum Chromodynamics (QCD) [9–11]. It has been known that the gauge
invariant QCD vacuum depends on an angle θ, and that this dependence violates the CP
invariance of QCD. However, experiments suggest that strong interactions are CP invariant
and that the electric dipole moment of a neutron is equal to zero up to a high degree of
accuracy. An introduction of the Peccei–Quinn symmetry and axions, which are connected
with its violation, helps to solve this problem.

Axions and other axionlike particles that arise in many extensions to the Standard
Model can interact both with photons and with fermions (electrons and nucleons). These
interactions are used for an axion search and for constraining axion masses and coupling
constants from observations of numerous astrophysical and cosmological processes as
well as from various laboratory experiments (see reviews [1,4–8,12–20] of already obtained
bounds on the axion mass and coupling constants to photons, electrons and nucleons).

Prof. Yuri N. Gnedin obtained many important results investigating the interaction
of dark matter axions with photons in astrophysics and cosmology. He proposed [21] to
employ the polarimetric methods for a search for axions and arions (i.e., the axions of
zero mass [22]) in the emission from pulsars, X-ray binaries with low-mass components,
and magnetic white dwarfs. For this purpose, he used the conversion process of photons
into axions in the magnetic field of compact stars and in the interstellar and intergalactic
space (i.e., the Primakoff effect). Next, Prof. Gnedin demonstrated an appearance of the
striking feature in the polarized light of quasistellar objects due to the resonance magnetic
conversion of photons into massless axions [23].

Using these results, Prof. Yu. N. Gnedin organized the axion search by the 6 m
telescope at the Special Astronomical Observatory in Russia. Both the Primakoff effect and
the inverse process of an axion decay into two photons were searched for in the integalactic
light of clusters of galaxies and in the brightness of night sky due to axions in the halo of
our galaxy [24]. Although no evidences of axions were found, it was possible to find the
upper limit on the photon-to-axion coupling constant from the polarimetric observations of
magnetic chemically peculiar stars of spectral type A possessing strong hydrogen Balmer
absorption lines [24]. The above results, as well as the ground-based cavity experiments
searching for galactic axions, searches of an axion decay in the galactic and extragalactic
light, for the solar and stellar axions, and the limits obtained on the coupling constant of
axions to photons, were discussed in a review [25].

In their further research on dark matter axions, Yu. N. Gnedin and his collaborators
analyzed [26] the intermediate results of PVLAS experiments interpreted [27] as arising
due to a conversion of photons into axions with a coupling constant to photons of the order
of 4 × 10−6 GeV−1. By considering the astrophysical and cosmological constraints, they
have shown [26] that this result is in contradiction with the data on stellar evolution that
exclude the standard model of QCD axions.

Using the cosmic orientation of the electric field vectors of polarized radiation from
distant quasars, Yu. N. Gnedin and his collaborators placed a rather strong limit on the
coupling constant of axions to an electric field [28]. Numerous results related to the
processes of axion decay into two photons, the transformation of photons into axions in the
magnetic fields of stars and of interstellar or intergalactic media, and the transformation of
axions generated in the cores of stars into X-ray photons were discussed in a review [29].

It has been known that the coupling constant of axionlike particles to fermions can
be constrained in the laboratory experiments measuring the Casimir force between two
closely spaced test bodies. This force is caused by the zero-point and thermal fluctuations
of the electromagnetic field. It acts between any material surfaces—metallic, dielectric
or semiconductor [30,31]. A constraint on the electron-arion coupling constant from old
measurements of the Casimir force [32] was obtained in [33]. The competitive constraints
on the coupling constants of axionlike particle to nucleons from different experiments
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measuring the Casimir interaction were obtained in [34–41]. All experiments used for
obtaining these constraints have been performed in the separation range below 1 μm.

Starting from 1982 [42], measurements of the van der Waals and Casimir forces were
also used for constraining the Yukawa-type corrections to Newton’s law of gravitation.
These corrections arise due to an exchange of light scalar particles between atoms of two
closely spaced macrobodies [43] and in the extra-dimensional unification schemes with a
low-energy compactification scale [44–47]. A review of the most precise measurements of
the Casimir interaction and constraints on non-Newtonian gravity obtained from them can
be found in [20,48].

In this paper, we obtain new constraints on the coupling constant of axionlike par-
ticles to nucleons and on the Yukawa-type corrections to Newtonian gravity following
from recent experiment measuring the differential Casimir force between two Au-coated
bodies spaced at separations from 0.2 to 8 μm [49]. This experiment was performed by
Prof. R. S. Decca by means of a micromechanical torsional oscillator. The differential
Casimir force was measured between an Au-coated sapphire sphere and the top and bot-
tom of Au-coated deep Si trenches. The measurement results were compared with the
exact theory using the scattering approach and were found to be in good agreement with
it over the entire measurement range with no fitting parameters under the condition that
the relaxation properties of conduction electrons are not included in the computations.
Another theoretical approach that takes into account the relaxation properties of conduction
electrons was excluded by the measurement data over the range of separations from 0.2 to
4.8 μm [49].

We calculate additional forces arising in the experimental configuration due to an
exchange of two axionlike particles between nucleons of the test bodies as well as due
to the Yukawa-type correction to Newton’s gravitational potential. Taking into account
that no extra force was observed, the constraints on the masses and coupling constants of
axions and on the strength and interaction range of the Yukawa interaction were found
from the extent of agreement between the measured and calculated Casimir forces.

According to our results, the obtained constraints on axionlike particles are up to
a factor of 4 stronger than those from other measurements of the Casimir force. The
new constraints on the Yukawa-type interaction are up to a factor of 24 stronger than
those obtained previously when measuring the Casimir force. Stronger constraints on an
axion [38] and non-Newtonian gravity [50] were obtained only from the experiment by
R. S. Decca [50], where the Casimir force was completely nullified.

The paper is organized as follows. In Section 2, we consider the effective potentials due
to an exchange of pseudoscalar and scalar particles. Section 3 is devoted to a brief discussion
of recent experiments on measuring the differential Casimir force in the micrometer range.
In Section 4, we calculate additional forces due to an exchange of two axionlike particles
between nucleons and obtain constraints on the axion mass and coupling constant. The
constraints on the Yukawa-type correction to Newtonian gravity are found in Section 5. In
Sections 6 and 7, the reader can find a discussion of the results obtained and our conclusions,
respectively.

We use a system of units with h̄ = c = 1.

2. Effective Potentials Due to Exchange of Pseudoscalar and Scalar Particles

An interaction of the field of originally introduced QCD axions a(x) [9–11], which
describes the Nambu–Goldstone bosons, with the fermionic field ψ(x) is given by the
pseudovector Lagrangian density [12,15]

Lpv(x) =
g

2ma
ψ̄(x)γ5γμψ(x)∂μa(x), (1)

where ma is the mass of an axion, γn with n = 0, 1, 2, 3, 4, 5 are the Dirac matrices, and g
is the dimensionless coupling constant of the axions to fermionic particles of spin 1/2 (in
our case a proton or a neutron).
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The axionlike particles introduced in Grand Unified Theories (GUT) interact with
fermions by means of the pseudoscalar Lagrangian density [12,15,51]

Lps(x) = −igψ̄(x)γ5ψ(x)a(x). (2)

On a tree level, the Lagrangian densities (1) and (2) result in the same action and
common effective potential due to an exchange of one axion or axionlike particle between
two nucleons of mass m spaced at a distance r = |�r1 −�r2| [52,53]

Van(r;�σ1,�σ2) =
g2

16πm2

[
(�σ1 · r̂)(�σ2 · r̂)

(
m2

a
r

+
3ma

r2 +
3
r3

)

−(�σ1 ·�σ2)

(
ma

r2 +
1
r3

)]
, (3)

where r̂ = (�r1 −�r2)/r is the unit vector directed along the line connecting the two nucleons
and�σ1, �σ2 are their spins. Here, we assume that the coupling constants of an axion to a
neutron and a proton are equal and denote m as their mean mass.

Taking into account that the effective potential (3) is spin-dependent, the resulting
additional force averages to zero when integrated over the volumes of unpolarized test
bodies used in experiments on measuring the Casimir force. Therefore, the process of one-
axion exchange cannot be used for the axion search in measurements of the Casimir force
performed until now [31,54] (the proposed measurement of the Casimir force between two
test bodies possessing the polarization of nuclear spins [55] is, however, quite promising
for this purpose).

A process of the two-axion exchange between two nucleons deserves particular atten-
tion. If the pseudovector Lagrangian density (1) is used, the respective effective potential is
still unknown. This is because the actual interaction constant g/(2ma) is dimensional, and
the resulting quantum field theory is nonrenormalizable (the current status of this problem
is reflected in [56]). However, in the case of the pseudoscalar Lagrangian density (2) de-
scribing the interaction of axionlike particles with fermions, the effective potential due to a
two-axion exchange is spin-independent and takes the following simple form [43,57,58]:

Vaan(r) = − g4

32π3m2
ma

r2 K1(2mar), (4)

where K1(z) is the modified Bessel function of the second kind.
The effective potential (4) can be summed over all pairs of nucleons belonging to the

test bodies V1 and V2, leading to their total interaction energy

Uaan(z) = − mag4

32π3m2 n1n2

∫
V1

d�r1

∫
V2

d�r2
K1(2mar)

r2 , (5)

where n1 and n2 are the numbers of nucleons per unit volume of the first and second
test bodies, respectively, and z is the closest separation distance between them. Finally,
from (5), one arrives at the additional force acting between the test bodies due to the
two-axion exchange

Faan(z) = −∂Uaan(z)
∂z

. (6)

Equations (5) and (6) can be used to search for axionlike particles in experiments
measuring the Casimir force and for constraining their parameters.

A similar situation takes place for the Yukawa-type corrections to Newton’s gravita-
tional law, which arise due to an exchange of one scalar particle of mass ms between two
pointlike particles (atoms or nucleons) with masses m1 and m2 separated by a distance r. It
is conventional to notate the coupling constant of the Yukawa interaction as αG, where G is
the Newtonian gravitational constant and α is the proper dimensionless Yukawa strength.
Then, the Yukawa-type correction to Newtonian gravity takes the form
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VYu(r) = −Gm1m2

r
αe−r/λ, (7)

where the interaction range λ = 1/ms represents the Compton wavelength of a scalar
particle. As was mentioned in Section 1, the same correction to the Newton’s gravitational
potential also arises in extra-dimensional physics with a low-energy compactification
scale [44–47].

The Yukawa-type interaction energy between two macrobodies V1 and V2 arising due
to the potential (7) is given by

UYu(z) = −αGρ1ρ2

∫
V1

d�r1

∫
V2

d�r2
e−r/λ

r
, (8)

where ρ1 and ρ2 are the mass densities of the first and second test bodies, respectively. In
this case, the additional force acting between two test bodies is equal to

FYu(z) = −∂UYu(z)
∂z

. (9)

Both hypothetical forces (6) and (9) act on the background of the Casimir force mea-
sured at separations below a few micrometers. Note that the Newtonian gravitational force

Fgr(z) = Gρ1ρ2
∂

∂z

∫
V1

d�r1

∫
V2

d�r2
1
r

(10)

calculated within the same range of separations is much less than the error in measuring
the Casimir force and can be neglected (see below).

3. Measurements of the Casimir Force in the Micrometer Separation Range

All experiments measuring the Casimir force between two macrobodies used for
obtaining constraints on axionlike particles [35–41] were performed at separations below a
micrometer. A single direct measurement of the Casimir force between two macrobodies
at separations up to 8 μm was reported quite recently and compared with theory with
no fitting parameters [49]. Below, we briefly elucidate the main features of this experi-
ment needed for obtaining new constraints on the axionlike particles and Yukawa-type
corrections to Newtonian gravity.

In the experiment [49], the micromechanical torsional oscillator was used to measure
the differential Casimir force between an Au-coated sapphire sphere of R = 149.7 μm
radius and the top and bottom of Au-coated rectangular silicon trenches of H = 50 μm
depth. Such a large depth of the trenches was chosen in order for the Casimir force between
a sphere and a trench bottom (and all the more additional hypothetical forces) to be equal
to zero. This means that the actually measured Casimir force FC(z) acts between a sphere
and a trench top. In so doing, however, the differential measurement scheme used allowed
us to reach a rather low total experimental error equal to ΔFC = 2.2 fN at the separation
distance of z = 3 μm. Similar schemes of differential force measurements were previously
used in [50,59–61].

The thicknesses of Au coatings on the sphere and the trench surfaces equal to
d(s)Au = 250 nm and d(t)Au = 150 nm, respectively, were thick enough in order for Au-coated
test bodies to be considered made from solid Au when calculating the Casimir force. For
technological reasons, before depositing Au coatings, the sapphire sphere and silicon
trench surfaces were also covered with Cr layers of thickness dCr = 10 nm. These
layers do not influence the Casimir force but should be accounted for in calculations
of the additional forces due to two-axion exchange and the Yukawa-type potential in
Sections 4 and 5, respectively.
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The Casimir force between an Au-coated sphere and an Au-coated trench top was mea-
sured over the separation region 0.2 μm � z � 8 μm and compared with an exact theory
developed in the sphere-plate geometry using the scattering approach in the plane-wave
representation [62–64] and the derivation expansion [65–68]. In doing so, the contribution
of patch potentials to the measured signal was characterized by Kelvin probe microscopy.
An impact of surface roughness was taken into account perturbatively [31,54,69,70] and
was found to be negligible. It was shown [49] that the measurement data are in agree-
ment with theory to within the total experimental error ΔFC over the entire measurement
range if the relaxation properties of conduction electrons are not included in computa-
tions. An inclusion of the relaxation of conduction electrons (i.e., using the dissipative
Drude model at low frequencies) results in a strong contradiction between experiment
and theory over the range of separations from 0.2 to 4.8 μm. These results are in line with
previous precise experiments on measuring the Casimir interaction at shorter sphere-plate
separations [61,71–81] and discussions of the so-called Casimir puzzle [82–84] (see also
recent approaches to the resolution of this problem [85–87]).

It is necessary to stress that calculation of the Casimir force between the first test
body (sphere) and the flat top of rectangular trenches in [49] was based on first principles
of quantum electrodynamics at nonzero temperature and did not use any approximate
methods, such as the proximity force approximation applied in the most of previously
performed experiments [31,54] or fitting parameters. As for the total experimental errors
ΔFC, they were found in [49] at the 95% confidence level as a combination of both random
and systematic errors.

Notice that, according to [88,89], the same experiment cannot be used to exclude
an alternative model and to constrain the fundamental forces. This claim was made
in 2011 when some of the background effects in the Casimir force (such as the role of
patch potentials) and theoretical uncertainties (such as an error in the proximity force
approximation) were not completely settled. As was, however, immediately objected in
the literature [90,91], such a difference between the excluded and confirmed models of
the Casimir force is of a form quite different from a correction to the fundamental force.
This fact allows us to constrain the parameters of the latter. After the seminal experiment
by R. S. Decca performed in 2016 [61], where the theoretical predictions of two models
for the Casimir force differed by up to a factor of 1000 and one of them was conclusively
rejected whereas another one was confirmed, it became amply clear that a comparison with
the confirmed model can be reliably used for constraining the fundamental forces in all
subsequent experiments.

When discussing the measure of agreement between experiment and theory, it is
necessary also to take into account the contribution of differential Newtonian gravitational
force between the sphere and the top and bottom of rectangular trenches. In [49] this
force was assumed to be negligibly small. Taking into account that in Sections 4 and 5
the measure of agreement between experiment and theory is used for constraining the
parameters of axionlike particles and non-Newtonian gravity, below we estimate the role
of Newton’s gravitational force more precisely.

The second test body, which is concentrically covered by the rectangular trenches,
is a D = 25.4 mm diameter Si disc (schematic of the experimental setup is shown in
Figure 1 of [49]). As mentioned above, both of the test bodies are coated by layers of Cr
and Au. In our estimation of the upper bound for the Newton’s gravitational force in this
experiment, we assume that both the sphere and the disc of diameter D and thickness
H, where H is the trench depth, are all-gold. By choosing the disc thickness equal to H,
we disregard the Si substrate underlying trenches because it does not contribute to the
differential gravitational force between the top and bottom of the trenches (unlike the
Casimir and additional hypothetical forces, the more long-range gravitational force from
the trench bottom cannot be considered equal to zero).
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Taking into account that the disc radius D/2 is much larger that the sphere radius R,
the gravitational force between them is given by [92]

Fgr = −8π2

3
Gρ2

AuHR3, (11)

where ρAu = 19.28 g/cm3 is the density of gold. Substituting the values of all parameters
in (11), one obtains Fgr = 0.11 fN. It is seen that the upper bound for the gravitational force
is much less than the experimental error in measuring the Casimir force, which is equal to
ΔFC = 2.2 fN at z = 3 μm (the variations in gravitational force depending on whether the
sphere is above the top or bottom of the trenches are well below 0.11 fN). This confirms
that the contribution of Newton’s gravitational force in this experiment is very small and
can be neglected.

4. Constraints on Axionlike Particles

The results of the experiment [49] measuring the Casimir force in the micrometer
seperation range allow us to obtain new constraints on the mass of axionlike particles
and their coupling constants to nucleons. As explained in Section 2, measurements of the
Casimir force between unpolarized test bodies can be used for constraining the parameters
of axionlike particles in which interaction with fermions is described by the Lagrangian
density (2). For this purpose, one should use the process of two-axion exchange between
nucleons of the laboratory test bodies, which leads to the effective potential (4) and force (6).
Thus, it is necessary to calculate this force in the experimental configuration of [49].

According to Section 3, this configuration reduces to a sapphire (Al2O3) sphere of
radius R (the sapphire density is ρAl2O3 = 4.1 g/cm3) coated by the layers of Cr and Au

of thicknesses dCr and d(s)Au, respectively, interacting with a Si plate (ρSi = 2.33 g/cm3) in
which the thickness exceeds H and can be considered infinitely large when calculating the
hypothetical interactions rapidly decreasing with separation. The plate is also coated by
the layer of Cr of thickness dCr and by an external layer of Au of thickness d(t)Au indicated in
Section 3.

The additional force arising in this configuration due to a two-axion exchange can
be calculated by (5) and (6). The results of this calculation for a homogeneous sphere and
plate are presented in [41]. The impact of two metallic layers is easily taken into account in
perfect analogy to [38,40]. Finally, the additional force due to a two-axion exchange in the
configuration of the experiment [49] takes the form

Faan(z) = − π

2mam2m2
H

∫ ∞

1
du

√
u2 − 1
u2 e−2mauzXt(mau)Xs(mau), (12)

where mH is the mass of atomic hydrogen and the following expressions for the functions
Xt(x) and Xs(x) are obtained:

Xt(x) = CAu

(
1 − e−2xd(t)Au

)
+ CCre−2xd(t)Au

(
1 − e−2xdCr

)
+ CSie−2x(d(t)Au+dCr),

Xs(x) = CAu

[
Φ(R, x)− e−2xd(s)Au Φ(R − d(s)Au, x)

]
+ CCre−2xd(s)Au

[
Φ(R − d(s)Au, x)− e−2xdCr Φ(R − d(s)Au − dCr, x)

]
+ CAl2O3 e−2x(d(s)Au+dCr)Φ(R − d(s)Au − dCr, x), (13)

where the function Φ is defined as

Φ(r, x) = r − 1
2x

+ e−4rx
(

r +
1

2x

)
. (14)
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The numerical coefficients C in (13) are specific for any material. They are calculated
by the following equation:

C = ρ
g2

4π

(
Z
μ
+

N
μ

)
, (15)

where Z and N are the number of protons and the mean number of neutrons in an atomic
nucleus of a given substance, and μ = M/mH with M being the mean atomic or molecu-
lar mass.

The values of (15) for Au, Cr, Si and Al2O3, i.e., CAu, CCr, CSi and CAl2O3 , are propor-
tional to g2 with the factors found using the densities of Au, Si and Al2O3 indicated above
and ρCr = 7.15 g/cm3. The values of Z/μ for Au, Cr, Si and Al2O3 are equal to 0.40422,
0.46518, 0.50238 and 0.49422, respectively, and those of N/μ are equal to 0.60378, 0.54379,
0.50628 and 0.51412 for the same respective materials [43].

Taking into consideration that, in the experiment [49], no additional interaction was
observed within the total experimental error ΔFC(z), the interaction (12) should satisfy
the inequality

|Faan(z)| � ΔFC(z). (16)

Using Equations (12)–(14), one can constrain the possible values of the axionlike
particles mass ma and their coupling constant to nucleons g from (16).

The numerical analysis of (16) taking into account (12)–(14) and the values of ΔFC
at different z [49] shows that the strongest constraints on ma and g follow at z = 3 μm,
where ΔFC = 2.2 fN (see Section 4). These constraints are presented by the line labeled
“new” in Figure 1. For comparison purposes, in the same figure, we show the constraints
obtained earlier from the Cavendish-type experiment [93] (line “gr1” [94]), from measuring
the smallest gravitational forces using the torsional oscillator [95–97] (line “gr2” [56]), from
measuring the effective Casimir pressure [73,74] (line 1 [35] ), from the experiment using a
beam of molecular hydrogen [98] (line “H2” [99]) and from the differential measurement
where the Casimir force was completely nullified [59] (the dashed line [38]). Note that the
figure field above each line is excluded and that below each line is allowed by the results of
respective experiment.

� � � � �

�

�

�

�

�

�

�

log10[ma (eV)]

lo
g 1

0
[g

2
/(
4π

)]

1

new

gr1
gr2

H2

Figure 1. The strongest constraints on the coupling constant of axionlike particles to nucleons
obtained from different experiments. Lines labeled “gr1” and “gr2” are found from the Cavendish-
type experiments and from measuring the minimum gravitational forces, respectively. Lines labeled
“new” and “H2” follow from the recent experiment on measuring the Casimir force in the micrometer
separation range and from the experiment using a beam of molecular hydrogen. Line 1 and the
dashed line are obtained from measuring the effective Casimir pressure and from the experiment
nullifying the Casimir force. The regions above each line are excluded, and those below are allowed.
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As is seen in Figure 1, in the region of axion masses from 10 to 74 meV the constraints
on g obtained from the experiment [49] (line “new”) are stronger than those following
from measuring the effective Casimir pressure (line 1) and the smallest gravitational forces
(line “gr2”). The maximum strengthening up to a factor of 4 is reached for the axion mass
ma ≈ 16 meV. Thus, in the region of axion masses indicated above, this experiment leads
to stronger constraints than the previous experiments measuring the Casimir force [20,48].
The stronger constraints shown by the dashed line follow only from the experiment [59]
where the Casimir force was completely nullified.

5. Constraints on Non-Newtonian Gravity

As mentioned in Section 1, the results of the experiment [49] measuring the Casimir
force in the micrometer separation range can be also used for constraining the parameters
of Yukawa-type corrections to Newtonian gravity. For this purpose, one should calculate
the Yukawa-type force (8), (9) in the experimental configuration using its geometrical
characteristics and densities of all constituting materials presented in Sections 3 and 4.

The calculation results using (8) and (9) for a homogeneous sphere above a homoge-
neous plate are presented in [41]. Here, we modify them in perfect analogy to [38,40] to
take into account the contributions of Cr and Au layers covering both a sphere and a trench
in this experiment. The result is

FYu(z) = −4π2Gαλ3e−z/λYt(λ)Ys(λ), (17)

where

Yt(λ) = ρAu

(
1 − e−d(t)Au/λ

)
+ ρCre−d(t)Au/λ

(
1 − e−dCr/λ

)
+ ρSie−(d(t)Au+dCr)/λ,

Ys(λ) = ρAu

[
Ψ(R, λ)− e−d(s)Au/λΨ(R − d(s)Au, λ)

]
(18)

+ ρCre−d(s)Au/λ
[
Ψ(R − d(s)Au, λ)− e−dCr/λΨ(R − d(s)Au − dCr, λ)

]
+ ρAl2O3 e−(d(s)Au+dCr)/λΨ(R − d(s)Au − dCr, λ),

and the function Ψ is defined as

Ψ(r, λ) = r − λ + (r + λ)e−2r/λ. (19)

By virtue of the fact that the Yukawa-type force (17) was not observed within the
limits of the measurement error, it should satisfy the inequality

|FYu(z)| � ΔFC(z). (20)

Similar to the case of an additional interaction due to a two-axion exchange between
nucleons, the strongest constraints on the parameters of the Yukawa-type interaction α and
λ follow from (20) at z = 3 μm where ΔFC = 2.2 fN.

The constraints obtained are shown by the line labeled “new” in Figure 2. For com-
parison purposes, in this figure we also show the constraints following from measuring
of the effective Casimir pressure [73,74] (line 1), of the normal Casimir force between
sinusoidally corrugated surfaces of a sphere and a plate at different orientation angles
of corrugations [100,101] (line 2 [102]) and of the lateral Casimir force force between the
sinusoidally corrugated surfaces of a sphere and a plate [103,104] (line 3 [105]). Note that
somewhat stronger constraints than those shown by line 3 were obtained [106] from the
experiment measuring the Casimir force between crossed cylinders [107] on an undefined
confidence level [31,54]. However, the strongest constraints on the parameters of a Yukawa-
type interaction in the region below λ = 10−8 m follow from the experiments on neutron
scattering. They are shown by the line labeled “n” [108,109]. Similar to Figure 1, the regions
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above each line are excluded by the results of respective experiment, whereas the regions
below each line are allowed.

� � � � � � �

log10[λ (m)]

lo
g
10
(α

)

4

new1

gr

n

3

2

Figure 2. The strongest constraints on the interaction constant and interaction range of the Yukawa-
type interaction obtained from different experiments. Lines 1, 2 and 3 are found from measuring
the effective Casimir pressure between two parallel plates, and normal and lateral Casimir forces
between the sinusoidally corrugated surfaces of a sphere and a plate, respectively. The line labeled
“n” is found from the experiments on neutron scattering. The lines labeled “new” and 4 follow
from the experiment measuring the Casimir force in the micrometer separation range and from the
experiment using a torsion pendulum. The line labeled “gr” and the dashed line are obtained from
the Cavendish-type experiments and from the experiment nullifying the Casimir force. The regions
above each line are excluded, and those below each line are allowed.

In the region of Figure 2 with a larger λ, the constraints shown by line 4 are obtained
from measuring the Casimir force by means of the torsion pendulum [110]. The line labeled
“gr” indicates the constraints on the Yukawa-type interaction following from the Cavendish-
type experiments [93,94,111]. As for the dashed line, which covers the largest interaction
range, it is obtained [59] from the differential force measurement where the Casimir force
was completely nullified (compare with the dashed line in Figure 1 found from the same
experiment).

As seen in Figure 2, the constraints labeled “new” are stronger than the constraints of
lines 1 and “gr” following from measurements of the effective Casimir pressure and from
the Cavendish-type experiments over the interaction range from 550 nm to 4.4 μm. The
maximum strengthening by up to a factor of 24 is reached at λ = 3.1 μm. The constraints
obtained are weaker only as compared with those following from the experiment where
the Casimir force was nullified [59].

6. Discussion

In this article, we considered the problems of dark matter axions, non-Newtonian
gravity and the constraints on their parameters. As discussed in Section 1, axions and
axionlike particles have gained much recognition as the most probable constituents of dark
matter. An active search for axions using their interactions with photons, electrons, and
nucleons is under way in many laboratories all over the world. A major contribution to
the investigation of interactions between axions and photons in different astrophysical
processes has been made by Prof. Yu. N. Gnedin, who suggested several prospective
possibilities for the observation of axionlike particles and for constraining their parameters.
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Here, we obtain new constraints on the coupling constant of axionlike particles to nu-
cleons, which follow from the recently performed measurement of the differential Casimir
force between Au-coated surfaces of the sphere and the top and bottom of rectangular
trenches [49]. The differential character of this experiment allowed one to reach a very
high precision and to obtain meaningful data up to a very large separation distance of
8 μm. The measure of agreement between the obtained data and the theoretical predictions
based on first principles of quantum electrodynamics at nonzero temperature allowed us
to find rather strong constraints on the axionlike particles and non-Newtonian gravity of
Yukawa type.

The obtained constraints on the coupling constants of axionlike particles to nucleons
are stronger by up to a factor of 4 than the previously known ones derived [56] from the
gravitational experiments and from measuring the effective Casimir pressure [36,73,74].
This strengthening holds in the range of axion masses ma from 10 to 74 meV. We have
also shown that the same experiment on measuring the differential Casimir force in the
micrometer separation range [49] results in up to a factor of 24 stronger constraints on
the interaction constant of Yukawa-type interactions compared with the ones found pre-
viously from measuring the effective Casimir pressure [73,74], an experiment using the
torsion pendulum [110] and the Cavendish-type experiments [93,94,111]. In this case, the
strengthening holds in the interaction range from λ = 550 nm to λ = 3.1 μm.

Although the constraints obtained are not the strongest ones (the strongest constraints
on both the axionlike particles and the Yukawa-type interaction in the interaction ranges
indicated above were obtained from the experiment [59] where the Casimir force was
nullified), they complement the results found from previous measurements of the Casimir
interaction and can be considered as their additional confirmation.

The obtained results fall into intensive studies of axionlike particles, non-Newtonian
gravity and constraints on their parameters. In addition to the literature already discussed
in Section 1, it is pertinent to mention a haloscope search for dark matter axions that
excludes some range of the axion–photon couplings in models of invisible axions [112] and
another haloscope experiment for the search of galactic axions using a superconducting
resonant cavity [113]. The first results of the promising experiment for searching the
dark matter axions with masses below 1 μeV are reported in [114]. Two more haloscope
experiments are performed for the search of dark matter axions using their interaction with
electronic spins [115] and photons [116].

A few prospective experiments for constraining the parameters of axionlike particles
and non-Newtonian gravity are suggested in the literature but have not yet been performed.
Here, one should mention an experiment measuring the Casimir pressure between parallel
plates at up to 25–30 μm separations (Cannex) [117–120]. An approach for searching for
dark matter axions with ma < 1 μeV using a superconducting radio frequency cavity was
proposed in [121]. Several possibilities for probing the non-Newtonian gravity in a submil-
limeter interaction range by means of temporal lensing [122], molecular spectroscopy [123]
and neutron interferometry [123,124] are also discussed. Finally, very recently, the possibil-
ity to detect the axion-nucleon interaction in the Casimir-less regime by means of levitated
system was proposed [125]. According to the authors, their approach provides a possibility
to strengthen the current constraints on g by several orders of magnitude in the wide region
of axion masses from 10−10 eV to 10 eV.

7. Conclusions

To conclude, the search for dark matter axions, non-Newtonian gravity and constraints
on their parameters is a multidisciplinary problem of elementary particle physics, quantum
field theory, gravitational theory, astrophysics and cosmology. At the moment, neither
axions nor corrections to Newton’s gravitational law, other than that predicted by General
Relativity theory, are observed, but more and more stringent constraints on them have
been obtained. Keeping in mind that there are very serious reasons for creating axions
at the very early stages of the evolution of the universe and for existence of deviations
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from Newton’s law of gravitation at very short separations, as predicted by the extended
Standard Model, Supersymmetry, Supergravity and String theory, one may hope that these
predictions will find experimental confirmation in the not too distant future.
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