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Abstract: Globular clusters are both primary fossils of galactic evolution and formation and are
ideal laboratories for constraining the evolution of low-mass and metal-poor stars. RR Lyrae and
type II Cepheid variables are low-mass, radially pulsating stars that trace old-age stellar populations.
These stellar standard candles in globular clusters are crucial for measuring their precise distances
and, in turn, absolute ages, and for the calibration of the extragalactic distance scale. Herein, the
evolutionary stages of RR Lyrae and type II Cepheids are discussed, and their pulsation properties,
including the light curves, color–magnitude and period–amplitude diagrams, and period–luminosity
relations in globular clusters at optical and infrared wavelengths are presented. The RR Lyrae visual
magnitude–metallicity relation and the multiband period–luminosity–metallicity relations in globular
clusters covering a wide metallicity range are also discussed in detail for their application to the RR
Lyrae-based distance scale.

Keywords: RR Lyrae variable stars; type II Cepheids; globular clusters; stellar evolution; stellar
pulsations; distance indicators

1. Introduction

Galactic globular clusters (GCs) have traditionally been used as isolated laboratories
for our understanding of many aspects of stellar structure, evolution, and dynamics, and
for constraining models of stellar populations. These remarkable astronomical objects are
compact, gravitationally bound systems of up to a million stars and host some of the oldest
stars. As the oldest known stellar systems, the Milky Way GCs provide important clues to
its early formation and continuing evolution. In general, GCs are associated with galaxies
of all types and masses and their properties exhibit a strong correlation with that of their
host galaxies [1,2]. With ubiquitously old ages comparable to the age of the Universe, the
cluster RR Lyrae (RRL) variables also trace the evolution history of their host galaxies and
can provide important clues to their formation and evolution.

Variable stars in GCs play an important role in determining their distances and, thus,
constraining their intrinsic properties such as the absolute ages, which also place a limit
on the minimum age of the Universe [3]. The earliest studies of RRL variables were
primarily based on GCs. Following the discovery of variable stars in GCs [4], Solon Bailey
discovered hundreds of “cluster variables” from the Harvard College Observatory, and
later separated those as subtypes of RRL variables [5]. Among the prototypes of different
subclasses of population II Cepheids, W Virginis was discovered first [6], followed by RV
Tauri [7] and BL Herculis [8]. The radial velocity determinations of Cepheids by Joy [9]
hinted that W Virginis was quite different from the classical or type I Cepheids of similar
periods [10]. Later, Baade [11] showed in his pioneering work that the stellar populations
of the galaxies fall into two distinct groups of solar-neighbourhood-like population I and
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GC-like population II stars. BL Herculis, W Virginis, and RV Tauri fall into the latter group,
and are now representative of different subtypes1 of type II Cepheid (T2C) variables.

The modern time-domain surveys have provided a plethora of data for RRL and
T2C variables at optical wavelengths. At the same time, infrared observations have also
increased extensively over the past two decades. High-precision photometric and spec-
troscopic data have also revealed that GCs are not simple stellar populations, and exhibit
star-to-star abundance variations in specific elements (see reviews [12,13]). However, the
horizontal branch (HB) morphology in GCs is mainly determined by metallicity, and the
differences in HB morphologies of similar metallicity GCs have been attributed to the
second parameter problem [14]. While several possible solutions have been proposed for
the second parameter (see [15] for details), internal helium variation is one of the main
(second) parameters governing the HB morphology [16]. Despite the recent progress in
observational and theoretical frameworks, the impact of chemical composition on pulsation
properties and the period–luminosity relations (PLRs) of HB RRL and evolved T2Cs is not
well-understood at all wavelengths.

This review summarizes recent progress in studies of RRL and T2Cs in GCs based on
multiband photometric data. It is beyond the scope of this article to provide a comprehen-
sive overview of these variables in GCs, and therefore, it will focus on a comparative study
of optical and infrared pulsation properties of population II variables. We refer readers to
several excellent reviews on RRL and T2C variables available in the literature: [15,17–24].
This article is organized as follows: the evolutionary and pulsational scenario for RRL and
T2Cs is discussed in Section 2. The optical and near-infrared (NIR) pulsation properties of
RRL and T2Cs in GCs are discussed in Sections 3 and 4, and a brief summary is provided
in Section 5.

2. Evolution of RR Lyrae and Type II Cepheids

RRL and T2Cs populate the well-known classical Cepheid instability strip (IS)—a
narrow, nearly vertical strip in temperature in the Hertzsprung–Russell (HR) diagram. RRL
variables are old (≥10 Gyr), low-mass (∼0.5–0.8 M�), metal-poor stars that are located
at the cross-section of the HB and the IS. RRL stars pulsate primarily in the fundamental
mode (RRab) and first-overtone mode (RRc), with periods in the range between about 0.2 d
and 0.8 d. A few RRL variables are classified as doule mode pulsators (RRd) because they
pulsate simultaneously in the fundamental and overtone modes (for example, [25–27]).
T2Cs also belong to old, low-mass, metal-poor stellar populations. A preliminary clas-
sification of T2Cs is performed based on their pulsation periods: BL Her (1 . P < 5 d),
W Vir (5 . P . 20 d), and RV Tau (P > 20 d). Soszyński et al. [28] suggested another
subtype, peculiar W Vir (pW Vir, 5 .P. 10 d), which are mostly brighter and bluer than
W Vir stars. T2Cs primarily pulsate in the fundamental mode, but BL Her, pulsating in the
first-overtone mode, have also been discovered [29]. The location of RRL and T2Cs on a
typical color–magnitude diagram of a GC is shown in Figure 1.

RRL are in the core helium-burning evolutionary phase of low-mass stars and occupy
a region in the HR diagram which is at the intersection between the Cepheid IS and the
HB. A low-mass (∼1 M�) star spends most of its lifetime in the core hydrogen-burning
main-sequence phase. After the exhaustion of hydrogen in the core, the inert helium
core contracts and the hydrogen burning occurs in a thin shell surrounding the core. The
heating of the contracting helium core drives the fusion in the hydrogen shell faster; the
star expands as it becomes brighter and redder, moving to the giant branch. At the red
giant phase, the inert helium core continues contracting and heating, and the fusion of
helium starts at the tip of the red giant in a flash. Once the helium burning in the core
becomes the primary source of energy, the star leaves the giant branch as it becomes
fainter and bluer. The stellar envelope contracts, attaining the thermal and hydrostatic
equilibrium as it reaches the HB phase. The evolution of low-mass stars in the central
helium-burning evolutionary phase is discussed in detail in the books of Kippenhahn
and Weigert [30], Salaris and Cassisi [31], and Catelan and Smith [32]. The zero-age HB
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(ZAHB) star is characterized by the helium-burning core and the hydrogen-burning shell
surrounding the core. The location of ZAHB stars on the HB depends on the total mass
(or the envelope mass) for a given helium core mass and envelope composition. For the
complex morphology of the HB, the reader is referred to the review by Catelan ([15] and
references therein). The HB stars have a wide range of effective temperatures, but only stars
with specific initial masses (.0.8 M�) attain temperatures that place them within the IS. The
blue and the red edge of the IS of RRL varies between ∼7100 K and ∼5200 K, respectively,
for a wider range of metal abundances [33]. The RRL IS shifts to cooler temperatures
as the metal abundance increases and becomes systematically fainter for the metal-rich
pulsators [33,34].

0 1 2 3

B − I

8

4

0

-4

V

RRL

BL Her

W Vir

RV Tau

Blue HB

Red HB

Figure 1. Color–magnitude diagram for a GC with the approximate positions of RRL, BL Her, W Vir,
and RV Tau indicated. The blue and red HB on either side of the RRL “gap” are also marked.

T2Cs are in the post-HB evolutionary phase of low-mass stars. After the exhaustion of
core helium, the inert carbon-oxygen core contracts and heats up in low-mass stars. The
helium and hydrogen burning occurs in thin shells outside the core. The star expands
rapidly and becomes cooler and brighter reaching the asymptotic giant branch (AGB).
It suffers shell flashes at the boundary between the core and the helium region. During
these shell flashes, the radius decreases temporarily, and thus, the star moves to the hotter
temperatures and inside the IS [18,35]. T2Cs evolve from the blue HB and reach the IS at
higher luminosities than those of RRL. The short-period T2Cs, BL Her, evolve from the HB,
bluer than the RRL gap, towards AGB, while depleting core helium. During this process,
they cross the IS at luminosities corresponding to a pulsation period of 1 to 5 days. The
intermediate-period W Vir evolve to higher luminosities after reaching the AGB and begin
to suffer helium shell flashes. This leads to their temporary excursions within the IS at
luminosities corresponding to stars with periods between 12 and about 20 days [10]. Once
the star becomes more luminous, mass loss reduces the size of the hydrogen shell and it
passes through IS once again with periods of more than 20 days, representing the post-AGB
evolution of RV Tau variables [18,36]. However, Groenewegen and Jurkovic [37] suggested
that the binarity might be at the origin of the W Vir variables. Similarly, RV Tau stars may
also evolve from the more massive and younger objects, or represent binary evolution
(see [38,39] for details).
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3. RR Lyrae Variables

Optical photometric surveys of GCs have been carried out over the past century to
investigate their variable star population, including RRL and T2Cs [40]. While optical
time-series data is plentiful, homogeneous NIR time-series for a statistically significant
sample of RRL in a given GC is limited to few studies, which utilized the increasing infrared
observations in the last decade. For a comparative investigation of the optical and NIR
properties of RRL, the time-series data available in the literature was complied for GCs,
covering a wide range of mean-metallicities. Table 1 summarizes the data along with
their references.

Table 1. Source of multiband time-series data for RRL in GCs.

GC [Fe/H] D EBV EJKs Optical NRRL NIR NRRL
kpc mag mag

M15 −2.33 10.71 0.10 — BVI [41] 89 JKs [42] 129
M53 −2.06 18.50 0.02 — VI [43] 64 JHKs [44] 63
M22 −1.70 3.30 — 0.18 VI [45] 28 Ks [46] 62

ω Cen −1.64 5.43 0.11 — BVI [47] 179 JHKs [48] 182
M3 −1.50 10.18 0.01 — BVI [26,49] 148 JHKs [50] 228
M5 −1.33 7.48 0.03 — VI [51] 28 JKs [52] 76
M4 −1.18 1.85 0.35 — BVI [53] 44 JHKs [53] 44

N6569 −0.75 10.53 — 0.25 VI [45] 21 Ks [46] 11
N6441 −0.45 12.73 — 0.18 VI [45] 37 Ks [46] 23

Notes: The mean-metallicities ([Fe/H]) and the distance (D) to GCs are taken from Carretta et al. [54] and
Baumgardt and Vasiliev [55], respectively. The color-excess values (EBV = E(B − V) and EJKs = E(J − Ks)) are
adopted from the references provided with optical and NIR data.

3.1. Multiband Light Curves

The light curve structure of variable stars is not only crucial for their identification
and classification but also for gaining valuable information about the underlying physical
processes producing the changes in their brightness. Figure 2 shows the multiband light
curves of RRL in M3. A clear decrease in the amplitudes of the light curves can be seen
moving from optical to NIR wavelengths. The skewness and acuteness of RRL light
curves attain a value close to unity at infrared wavelengths, implying symmetric sinusoidal
brightness variations. The shape of RRab light curves is asymmetric, with a steep rise
from minima to maxima and a slow decrease of brightness from maxima to minima at
optical wavelengths. Most RRab light curves have a saw-toothed shape with a bump
in the vicinity of the minimum brightness and are easily identified. For RRab stars, the
phase of maximum brightness shifts significantly to later phases at longer wavelengths.
This phase lag in the maximum brightness between optical and infrared bands is similar
to fundamental-mode classical Cepheids [56–58], whereas the phase lag is close to zero
for overtone-mode variables. The overtone-mode RRc stars have more symmetric light
curves and often exhibit near-sinusoidal variations, even at optical wavelengths. In some
cases, RRc stars also exhibit a small bump along the ascending branch. The smaller
amplitudes, fainter brightness, and more sinusoidal light curves make the identification
and classifications of RRc stars relatively more difficult than for RRab stars.
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Figure 2. Multiband light curves of RRab (left and middle) and RRc (right) stars in M3. A monotonic
drop in amplitude is seen as a function of increasing wavelength. The shape of RRab light curves also
changes from a saw-tooth shape at optical wavelengths to more sinusoidal shape in infrared bands.
In case of RRab, a clear variation in the phase of maximum light is also noted, which shifts toward
later phases in infrared bands. The variable star ID and the pulsation periods from the catalog of
Clement et al. [40] are listed at the top of each panel.

The stellar pulsation models can successfully predict multiband light and radial veloc-
ity variations, and the light curve morphology depends on the chemical composition [33,59].
The quantification of the light curve structure based on Fourier decomposition [60] or princi-
pal component analysis [61] has been used for a rigorous comparison between observations
and theory and to provide constraints for the stellar pulsation models [62–65]. The light
curve parameters of RRL stars have been used to obtain photometric metallicity mea-
surements based on an empirical relation correlating period, Fourier phase parameter
(φ31), and [Fe/H] [66,67]. The application of machine-learning methods on theoretical and
observational data have also shown that the light curve parameters play an important
role in predicting the physical parameters of RRL variables [68]. The light curves shown
in Figure 2 display stable and periodic variations, but a significant fraction of RRL also
exhibit the Blazhko effect [69]. The Blazhko effect results in (multi-)periodic modulations
of the light curves on a timescale that is much longer than the primary pulsation period.
The Blazhko effect is not well understood, despite a number of investigations that are
even based on unprecedentedly high-precision photometry from Kepler and TESS [70–74].
The space-based photometry has also revealed several low-amplitude additional modes
and dynamical effects in the pulsation, including period doubling of the fundamental
mode [72,74]. While a significant fraction of RRL stars in GCs show modulations [43,75],
we will refrain from a detailed discussion of the Blazhko effect in this article.

3.2. Color–Magnitude Diagrams

Figures 3 and 4 show color–magnitude diagrams for M4 ([Fe/H]∼−1.18), M3
([Fe/H]∼−1.50), ω Cen ([Fe/H]∼−1.64), and M53 ([Fe/H]∼−2.06) GCs in optical and NIR
bands, respectively. The variable RRL population is also shown in colored symbols. These
color–magnitude diagrams are not corrected for extinction; note that there is significant
and differential reddening towards M4 and ω Cen [76,77].
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Figure 3. Optical color–magnitude diagrams for GCs. RRL variables are shown in red symbols.

The horizontal branch morphology is quite interesting and complex, and has been
discussed extensively in several excellent reviews in the literature ([15,17,78] and references
therein). The main components of the HB include blue HB, variable HB (RRL gap), red
HB, and the red clump [15]. The red HB stars are commonly present in metal-rich and
relatively young GCs. These occupy the horizontal part of the HB, unlike the more massive
and significantly brighter red clump stars. Figure 3 shows red HB stars in metal-rich M4
and M3, with the latter GC being more populated. A smaller fraction of red HB stars can
also be found in the more metal-poor GCs, for example, as a result of the evolution of
blue HB or RRL variables to the right of the color–magnitude diagrams. The variable HB
that includes RRL variables is located in the region of the HB that crosses the Cepheid
IS. In typical color–magnitude diagrams based on single-epoch data, this region appears
as a “gap” because long-time monitoring is required to obtain the mean magnitudes of
variable stars and to properly place those on the color–magnitude diagrams. However, the
color–magnitude diagrams shown in Figures 3 and in 4 are based on long-term photometric
data, and therefore, the variable HB is distinctly evident.
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Figure 4. NIR color–magnitude diagrams for GCs. RRL variables are shown in red symbols.

The blue HB consists of stars hotter than the RRL IS but is far from being horizontal at
the blue end. The blue HB includes a canonical, “horizontal” part and a nearly “vertical”
component which ends in a “blue HB tail”. Figures 3 and 4 show a distinctly clear blue HB
for metal-poor GCs. The hottest stars on the HB have temperatures above 20,000 K, and
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are referred to as extreme or extended HB stars. These hotter HB stars are less luminous
than the cooler blue HB stars and may also end up with a “blue hook” of extremely hot
stars. Some studies have also suggested that the canonical blue HB and the blue HB tail are
separated by a “gap” (see [15] for details).

Figure 5 shows a zoom-in of the RRL color–magnitude diagrams in four different
GCs. The magnitudes and colors are corrected for extinction using the classical reddening
law of Cardelli et al. [79]. Theoretically predicted boundaries of the fundamental red edge
and the first-overtone blue edge of the IS are based on the empirical relations provided
by Marconi et al. [33]. Theoretically predicted magnitudes were converted to apparent
magnitudes using the distance to the GC in the respective studies [24,44,48,80]. As expected,
RRc are located towards the blue (hot) edge of the IS, while the RRab are towards the red
(cool) edge of the IS. The red edge of the IS is consistent in both optical and NIR color–
magnitude diagrams. The predicted blue edge appears to be redder in the case of M4 and
ω Cen in NIR data, but is consistent in optical color–magnitude diagrams. While same
cluster reddening is adopted for all RRL, there is evidence of differential reddening in both
these clusters. The agreement between predicted boundaries and empirical IS is reasonably
good if we take into account the basic assumptions in pulsation models. The predicted
boundaries of the IS were estimated for a fixed composition and the pulsation models also
have a resolution of 50K in effective temperature. The differences can be partly attributed
to the observed metallicity spread in ω Cen [81]. Note that the predicted boundaries of the
IS are metal-dependent in optical, but are derived to be independent of metallicity in NIR.
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Figure 5. Close-up of optical and NIR color–magnitude diagrams for RRL in different GCs. Red
circles and blue asterisk show RRab and RRc, respectively. The theoretically predicted red and blue
edges of the IS are also shown from Marconi et al. [33].

3.3. The Bailey Diagrams and the Oosterhoff Dichotomy

The pioneering work of Bailey on variable stars in GCs initiated the investigations on
period–amplitude diagrams for their RRL stars [5]. The Bailey diagrams, or the period–
amplitude diagrams for RRL differ from cluster to cluster, and these differences can be
associated with the Oosterhoff type [82] of the GC. The Oosterhoff dichotomy is one of the
long-standing problems in modern astronomy which shows that the galactic GCs can be
separated into two distinct groups according to the mean period of their RRab variables.
The RRab in Oosterhoff I (OoI) clusters have a shorter mean period of 0.55 days, and are
relatively metal-rich ([Fe/H] & −1.5 dex), while RRab in Oosterhoff II (OoII) have a longer
mean period of 0.65 days and [Fe/H] . −1.5 dex [15,17,32,82].

The left panel of Figure 6 displays the Oosterhoff dichotomy in the Galactic GCs. These
clusters are separated in two distinct groups of OoI and OoII, and a gap is seen in the mean
period around 0.6 days. However, a few metal-rich clusters (NGC 6441, NGC 6388, [Fe/H]
> −0.7 dex) have a longer value for the mean-period of RRab (0.7 days) and are often called
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OoIII clusters. Initially, the dichotomy was attributed to a dichotomy in the “transition
period” between RRab and RRc stars, which reflects a difference in the effective tempera-
ture at the transition point [83]. It was suggested that the temperature difference arising
from the “hysteresis effect” [83] is responsible for the Oosterhoff dichotomy. Sandage [84],
using a period–mean density equation, estimated that the V-band HB magnitudes dif-
fer by 0.2 mag between OoII and OoI clusters, such that the OoII clusters are brighter.
Sandage et al. [25] quantified a period-shift at a fixed temperature and suggested that the
Oosterhoff dichotomy can be explained as the difference in the intrinsic luminosity for the
RRL in two clusters. Renzini [85] suggested that, in addition to Sandage period-shifts, the
non-monotonic behavior of HB morphology with decreasing metallicity can also contribute
to the Oosterhoff dichotomy. Despite several investigations on Oosterhoff dichotomy, a
general consensus has not yet been reached (see [15]). The GCs and dwarf galaxies in the
Milky Way satellite systems do not show such a dichotomy (see [15] for more details). This
suggests that the Oosterhoff dichotomy is specific to galactic GCs and can provide useful
insights into the Milky Way’s evolution history.

-0.5 -1.0 -1.5 -2.0 -2.5

0.5

0.6

0.7

0.8

-0.5 -1.0 -1.5 -2.0 -2.5
[Fe/H]

0.5

0.6

0.7

0.8

P
R

R
a
b
 [

d
a
y
s]

old halo
young halo
bulge, disk
ω cen

OoI

OoII

OoIII

0.0-0.1-0.2-0.3-0.4
logP

0

1

2

A
m

p
 (

V
)

M3 - OoI
ω cen - OoII

0.25, 0.59, 1.61

0.30, 0.58, 1.70

             Y,   M,   L

Figure 6. Left: Oosterhoff dichotomy in GCs as shown by plotting the mean period of RRab stars
versus [Fe/H] for Galactic GCs. The shaded region represents the Oosterhoff gap separating the two
Oosterhoff types. Two metal-rich GCs (NGC 6441 and NGC 6388) are also shown as Oosterhoff III
clusters. Right: Period–amplitude diagram for RRab in Oosterhoff I (M3) and II (ω Cen) clusters. For
a fixed composition, RRL models from Marconi et al. [33], Marconi and Minniti [86] with different
helium abundances, masses, and luminosities are also overplotted.

The right panel of Figure 6 shows a period–amplitude diagram of RRab variables
in M3 and ω Cen. RRL in OoII clusters have longer periods than those in OoI clusters
at a fixed amplitude. Most observational period–amplitude diagrams of RRab exhibit
scatter in both OoI and OoII clusters. If the light curves are well-sampled, the photometric
uncertainties on amplitudes are typically small (<0.05 mag). The Blazhko effect in RRL,
which can change mean amplitudes by more than 90% (see Figure 4 of [87]), is the dominant
source of scatter in the observational period–amplitude diagrams. In the case of ω Cen,
the metallicity spread of RRL can also contribute to this scatter. RRL in OoI M3 also show
a small fraction of OoII RRL [88], presumably because the mean metallicity of the GC is
nearly at the boundary between OoI and OoII. The RRL models computed at fixed metal
contents (Z = 0.004) and primordial helium contents of Y = 0.25 and Y = 0.30 are also shown
in the left panel of Figure 6 [33,65,86]. The helium-enhancement results in a systematic shift
in periods, which primarily occurs due to increased luminosity levels for similar masses
(see [89–91] and references therein). Therefore, Bailey diagrams can be used to constrain the
helium content of stars in a GC. Marconi and Minniti [86] estimated the helium-abundance
(Y = 0.245) of the RRL population in the Milky Way bulge by comparing their minimum
periods derived from stellar pulsation models.
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Figure 7 shows optical and NIR period–amplitude diagrams for RRL stars in GCs of
different mean-metallicities. The amplitudes of RRab stars decrease as a function of pulsa-
tion period, while the amplitudes for RRc seem to rise first and then fall with increasing
period. The solid and dashed lines in the B- and J-band represent the approximate loci of
the OoI and OoII RRab in M3 from Cacciari et al. [88] and Bhardwaj et al. [50], respectively.
The loci in the I- and Ks-bands are overplotted by scaling the B- and J-band loci with
corresponding amplitude ratios [48,50]. Most RRab in M4 fall on the locus of RRab stars
while the majority of RRab in metal-poor M15 are located on the OoII locus. RRab in M3
seem to have both OoI and OoII sequences, with the former being clearly more populated.
Infrared Bailey diagrams seem to exhibit larger scatter due to smaller amplitudes, which
exhibit larger uncertainties because of the sparsely sampled light curves. In the case of
ω Cen, there is more scatter, presumably resulting from intrinsic metallicity spread in
RRL stars [81,92]. While the impact of metallicity on Bailey diagrams is debated [93],
period–amplitude–[Fe/H] relations have been used to determine metallicities for RRab
stars (see [94,95]). The period–amplitude–[Fe/H] relations suggest a continuous correlation
between period and both the luminosity and metallicity for RRL in GCs.
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Figure 7. Optical and NIR period–amplitude diagrams for RRL in GCs of different mean-metallicities.
The solid and dashed lines represent loci of OoI and OoII RRab, respectively.

In metal-rich OoIII NGC 6441, RRab do not fall clearly into either of the OoI or
OoII groups in Figure 7, but are closer to the OoII locus, similar to ω Cen. Even though
NGC 6441 is metal-rich, previous studies of its RRab have shown that they have period–
amplitude diagrams similar to those in OoII GCs [96]. Braga et al. [97] showed that
the long-period RRab in ω Cen follows the locus of OoIII RRab, similar to NGC 6441
variables. Rich et al. [98] first discovered that metal-rich NGC 6441 and NGC 6388 not only
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have expected red HB but also blue HB components that extend through the IS. These
GCs are also suggested to host more than a single stellar population, with the possibly
helium-enhanced smaller population responsible for the blue HB component [99,100]. In
metal-poor clusters such as M15, there is considerable scatter in Bailey diagrams where
a significant fraction of RRab fall between the two Oosterhoff-type sequences (e.g., [41]).
While there is some correlation between the location of Bailey diagrams and [Fe/H], several
authors have suggested that the amplitude at a fixed period is a function of the Oosterhoff
type, more than that of the metal abundance (e.g., [93,95]). The importance of Oosterhoff
type becomes evident, for example, in OoI (M3) and OoII (M2) clusters, where the difference
of mean-metallicities is small but M2 RRab are significantly shifted to longer periods than
those in M3 (see Figure 4, p. 22 in [99]).

Optical and NIR amplitude ratios have also been used as diagnostic tools for Oost-
erhoff dichotomy in RRab in GCs. Braga et al. [48] found that the optical–NIR and NIR
amplitude ratios for long-period (log(P) > 0.7 days) RRab in ω Cen are systematically
larger than the short-period RRab variables. Bhardwaj et al. [50] studied optical and NIR
amplitude ratios in M3 and found similar trends. The authors found a break period at
(log(P) > 0.6 days), such that the amplitude ratios for the longer-period RRab are signifi-
cantly larger. Median values of amplitude ratios are consistent between the two OoI and
OoII clusters. The increase in amplitude ratios occur at a smaller period for RRab in M3
than those in ω Cen, and the difference in the break periods between the two clusters is
similar to the difference in mean periods of their RRab stars. Therefore, amplitude ratios
may also be indicators of the Oosterhoff type of the cluster. Furthermore, amplitude ratios
are also important for template light curves of RRL, to correct for amplitudes when those
are known only at a particular wavelength [101].

3.4. The Visual Magnitude–Metallicity Relation

The absolute visual magnitudes of RRL stars have important astrophysical impli-
cations, in particular to determine distance using the magnitude–metallicity relation.
Sandage et al. [25], Sandage [102] correlated the location of RRL in the period–amplitude
diagrams with both the absolute magnitude and [Fe/H], and determined the empirical
relations between the period-shift and metallicity. From the observed period-shifts be-
tween clusters, Sandage [102] derived an empirical relation between the luminosity and
metallicity: ∆Mbol = 0.35[Fe/H]. The luminosity–metallicity relation between RRL V-band
absolute magnitude (MV) and the metallicity ([Fe/H]) is expressed as MV = α + β[Fe/H],
where the slope (β) and the zero-point (α) have been determined through several empirical
and theoretical investigations in the literature ([78,103–107], and references therein). The
calibration of the magnitude–metallicity relation for RRL in the LMC [106] and the Milky
Way [107] are provided below:

V0 = 19.064(±0.017) + 0.214(±0.047)[Fe/H],

MV = 1.17(±0.04) + 0.34(±0.03)[Fe/H].

The zero-point in the first relation above includes the distance to LMC in the case of appar-
ent magnitude (V0). The absolute calibration (MV) has been derived by Muraveva et al. [107]
using Gaia parallaxes for field RRL. While the magnitude–metallicity relation is simple and
straightforward in the sense that it requires only two observables—the apparent visual
magnitude and the metallicity—its calibration is affected by deceptive systematic errors,
which leads to a range of metallicity coefficients (slopes) from 0.37 to 0.13 mag dex−1 [107].
Several studies have also provided theoretical and empirical evidences that the MV−[Fe/H]
relation is not linear over the entire metallicity range covered by the GCs, and proposed
a quadratic relation [19,78,93,105]. The shallower slope for metal-poor systems becomes
significantly steeper for metal-rich ([Fe/H] > −1.5) RRL stars. However, this departure
from linearity is not observed for LMC RRL stars over a broad metallicity range [106],
which indicates the difficulty in disentangling the metallicity and evolutionary effects in the
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observational magnitude–metallicity relation. With Gaia parallaxes, Muraveva et al. [107]
found that the coefficient of the quadratic metallicity term is not significant, and that the
zero-points are consistent between both linear and quadratic versions.

The magnitude–metallicity relation relies on the assumption that RRL stars are on the
ZAHB, but both the field and cluster RRL exhibit a spread in luminosity. Therefore, the the-
oretical calibrations based on ZAHB models do not account for evolutionary effects [19,93],
while the empirical calibrations use both ZAHB RRL and evolved RRL where the latter
have higher luminosities [22]. The intrinsic luminosity width of the ZAHB becomes larger
when moving from metal-poor to metal-rich GCs. Therefore, RRL with different metal
abundances are affected by the evolutionary effects of both off-ZAHB evolution and the HB
morphology [108]. One of the sources of systematics on empirical magnitude–metallicity
relations is the reddening uncertainties which are significant, i.e., a small uncertainty of 0.01
mag in reddening values implies an error of 0.03 mag in the visual magnitude. Furthermore,
the variation in the initial helium content, which may depend on environment, can also
affect the visual magnitudes of RRL variables [22].

3.5. Multiband Period–Luminosity Relations

The pulsation theory predicts a period–luminosity–color relation for classical pulsating
stars such as RRL and Cepheid variables. While Cepheids follow well-defined PLRs at both
visual and infrared wavelengths, the dependence of RRL luminosity on pulsation period is
negligible at visual wavelengths. Unlike Cepheids, which cover a wide range of luminosity
within the IS, RRL have much smaller variation in the luminosity within the HB phase
of low-mass stars. Given that the luminosity variations for RRL are much more modest,
the temperature range within the IS also plays an important role in determining the range
of RRL periods. Therefore, RRL stars exhibit a PLR only if the bolometric corrections are
significant and are such that the absolute magnitudes cover a large range, as is the case at
longer wavelengths. Indeed, the bolometric correction’s sensitivity to effective temperature
becomes significant only at wavelengths longer than the R-band [19,33], resulting in a
well-defined PLR.

The pioneering work of Longmore et al. [109] showed that RRL stars follow a very
tight PLR in the K-band. Using single-epoch K-band photometry in three GCs (M3, M5,
and M107), Longmore et al. [109] found that the PLRs exhibit remarkably small scatter as
compared to optical bands. The infrared PLRs come naturally from the pulsation equation
because bolometric corrections increase with effective temperature, such that redder RRL
are brighter in the K-band. NIR observations of RRL in the earliest studies on PLRs were
limited to a few epochs or sparsely sampled light curves (e.g., [110–112]). With the advent
of modern infrared detectors, several empirical investigations have been carried out on
infrared PLRs for RRL stars in GCs ([24,44,48,52,80,113], and references therein).

We compared PLRs for RRL in GCs with different mean-metallicities for which time-
series optical and NIR data is available in the literature. The time-series photometry is
critical to obtain precise and accurate mean-magnitudes for well-constrained PLRs. Figure 8
shows I-band PLR for RRL in GCs covering a wide metallicity range of ∆[Fe/H] ∼ 2.0 dex.
Under the assumption of the universality of RRL PLRs in GCs, we solved for a common
slope and variable zero-point in different GCs. Note that the periods of overtone-mode RRc
variables were fundamentalized using log(PRRab) = log(PRRc) + 0.127 [114,115] to obtain
a global (RRab+RRc) sample of RRL. Outliers beyond ±3σ were removed recursively until
convergence. Optical mean-magnitudes are based on long-term photometric light curves
and are, therefore, very accurate and precise. However, there are possible systematics in
the data adopted from different literature studies. Nevertheless, a common slope of the
PLR fits the data for all GCs very well, regardless of their metallicity, thus validating the
assumption of universality of RRL PLRs.
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Figure 8. I-band PLRs for RRL in GCs of different mean-metallicities. Solid lines display a universal
slope of PLR relation to all GCs while dashed lines represent ±3σ scatter in the underlying relation.
Mean-metallicities for each cluster are also indicated in each panel. Red circles and blue squares
represent RRab and (fundamentalized) RRc stars, respectively. Grey symbols represent ±3σ outliers.

NIR photometric light curves are much more sparsely sampled than the optical light
curves (see Figure 2). Therefore, NIR templates for RRL become very useful for determining
accurate mean-magnitudes and deriving precise PLRs. Given that the NIR light curves are
much more symmetric and near-sinusoidal in shape than the optical light curves, a simple
sine-series fit is the simplest template that can be adopted to estimate mean-magnitudes
and peak-to-peak amplitudes. While sine series is a good approximation for RRc light
curves, the RRab light curves exhibit clear evidence of asymmetry for different periods (see
Figure 2). Hajdu et al. [116] used principal component analysis to generate J and H-band
templates from well-sampled Ks-band light curves of RRL in the VISTA VVV survey [117].
Similarly, Braga et al. [101] provided new JHKs template light curves of RRL variables and
showed that the mean magnitudes can be estimated with an accuracy of 2%, even from
single-epoch NIR observations. Figure 9 displays Ks-band PLRs for RRL in different GCs.
The mean-magnitudes for RRL in these GCs are based on template-fits to Ks-band light
curves. The significantly smaller scatter, as compared to the optical bands, is distinctly
evident in the PLRs. Even in the ω Cen, which exhibits a spread in metallicity, the Ks-band
PLR does not exhibit large intrinsic dispersion [48,118].

Similar to NIR bands, mid-infrared (MIR) observations also have indisputable advan-
tages with respect to shorter wavelengths because the extinction is more than an order of
magnitude smaller (AV∼15A3.6µm) at the 3.6-µm band. The luminosity variations are also
small and mostly insensitive to effective temperatures. A few studies utilized increasing
MIR observations, in particular, from the Wide Field Infrared Survey Explorer (WISE) and
the Spitzer Space Telescope to investigate MIR PLRs for field RRL [119–121] and cluster
RRL [113,122,123]. The calibration of MIR PLRs of RRL in 15 GCs was first provided
by Dambis et al. [122] using WISE data. Depending on the calibration based on either
statistical or trigonometric parallaxes, Dambis et al. [122] found two significantly differ-
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ent estimates of the absolute zero-point of PLRs. Together with a theoretical framework,
Neeley et al. [113] employed Spitzer observations of RRL in M4 to derive precise PLRs
with a dispersion of ∼ 0.05 mag in 3.6-µm and 4.5-µm bands as part of the Carnegie RR
Lyrae program. The authors showed that the metallicity spread introduces a dispersion
of 0.13 mag in the PLR if the sample includes a range of iron abundances. However, the
scatter in MIR PLRs is reduced to 0.02 mag when the metallicity term is included, implying
a percent-level precise distance determination using RRL stars.
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Figure 9. Ks-band PLRs for RRL in GCs of different mean-metallicities. Solid lines display a universal
slope of PLR relation to all GCs, while dashed lines represent ±3σ scatter in the underlying relation.
Mean-metallicities for each cluster are also indicated in each panel. Red circles and blue squares
represent RRab and (fundamentalized) RRc stars, respectively. Grey symbols represent ±3σ outliers.

3.6. Period–Luminosity–Metallicity Relations

Theoretical studies on RRL predicted a strong dependence of PLRs on metal abundance
at all wavelengths. Bono et al. [124] derived a theoretical K-band PLZ relation and showed
that the dependence of RRL luminosity on metallicity (∼0.17 mag/dex) is relatively smaller
than that in the optical bands (>0.2 mag/dex). Additionally, the uncertainties on the mass
and luminosity also do not effect the PLRs significantly at infrared wavelengths. However,
Sollima et al. [125] derived the empirical period–luminosity–metallicity (PLZ) relation in
the Ks-band for RRL in GCs and found a metallicity coefficient (∼0.08 mag/dex) nearly
two-times smaller than the theoretical predictions of Bono et al. [124]. Catelan et al. [19]
also derived metal-dependent PLRs for RRL based on synthetic HB models and found a
significant metallicity term (0.21–0.17 mag/dex) in I JHKs bands. Using stellar pulsation
models, Marconi et al. [33] generated RRL models for a wide range of metal abundances
(Z = 0.02 to 0.0001) at UBVRI JHKs wavelengths. They also found a strong metallicity
dependence that varies from ∼0.14–0.19 mag/dex depending on the subclass of RRL and
the wavelength under consideration. Recently, Bhardwaj et al. [44] investigated the Ks-band
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PLZ relation for RRL in GCs and found a metallicity coefficient consistent with theoretical
predictions. The PLZ relations for RRL are written in the following form:

M = α + β log(P) + γ[Fe/H], (1)

where M is the absolute magnitude, and α, β, and γ are the slope, zero-point, and the
metallicity coefficient, respectively.

Figure 10 displays the I-band PLZ relation for RRL in GCs. We used the mean-
magnitudes derived from the time-series data to obtain an accurate and precise relative
quantification of the metallicity coefficient. The mean-metallicity for these GCs is taken
from Carretta et al. [54] for consistency with the theoretical models of Marconi et al. [33].
Note that one main source of systematics is the independent distances to GCs. As shown
in Figure 8, we can solve for a universal slope and separate the zero-point for each GC
simultaneously. For the absolute quantification of metallicity effects and the zero-point, we
adopted theoretical absolute magnitudes and the absolute magnitudes based on parallaxes
of field RRL from Gaia EDR3 [126], as discussed in detail in Bhardwaj et al. [44]. The
empirical PLZ relation in the I-band is shown in Figure 10. The top panel displays clear
trend in RRL magnitudes as a function of metallicity, such that the metal-poor RRL are
brighter. When the metallicity term is taken into account, the residuals of the PLZ relation,
as shown in the bottom panel of Figure 10, do not exhibit any trend with the metallicity.
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Figure 10. Top: Combined I-band PLRs for RRL in different GCs. The absolute magnitudes for RRL
in GCs were determined based on the zero-point calibration using Gaia EDR3 parallaxes. The color
code in the legend corresponds to the mean metallicity of GC. Bottom: residuals of the PLZ relation
in the Ks-band for RRL stars. Note the strong metallicity trend in the PLRs in the top panel, which
disappears in the residuals of the PLZ relation.

The empirical PLZ relation in the I-band derived in this work and the theoretical PLZ
relation from Marconi et al. [33] are provided below:
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MIGC = 0.05 − 1.38 log(P) + 0.21[Fe/H] (σ = 0.07),

MITH = −0.07 − 1.53 log(P) + 0.17[Fe/H] (σ = 0.09). (2)

Here, the uncertainties on the coefficients are small, and therefore, the difference in
the slope of the empirical and predicted PLZ relation is statistically significant. The slope
of the empirical PLZ relation is shallower than the theoretical relations, and the metallicity
coefficients are relatively larger than the theoretical predictions. This difference in the
slope of the empirical PLZ relation could possibly be due to the bulge GCs, which seem
to show shallower PLR than the more metal-poor clusters. Note that the extinction in the
bulge clusters is large at optical wavelengths, and the reddening law also deviates from the
standard Cardelli et al. [79] law. Moreover, the optical data is taken from several different
studies in the literature, and there could be possible systematic uncertainties due to the
inhomogeneous sample of optical photometry in GCs.

Figure 11 displays the Ks-band PLZ relation for RRL in GCs. The empirical relation,
together with the theoretical K-band relation from Marconi et al. [33], is:

MKGC = −0.86 − 2.35 log(P) + 0.17[Fe/H] (σ = 0.04),

MKTH = −0.82 − 2.25 log(P) + 0.18[Fe/H] (σ = 0.04). (3)
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Figure 11. Same as in Figure 10, but in the Ks-band.

The uncertainties in the coefficients of the Ks-band PLZ relations are marginal, given
the tight relation (σ ∼ 0.04 mag) for RRL in the GCs. Note that all Ks-band photometry is
homogenized in the 2MASS photometric system. The empirical and theoretical calibrations
of PLZ relation are in excellent agreement in the Ks-band. The absolute calibration of the
RRL PLZ relation using Gaia EDR3 parallaxes also results in a zero-point consistent with
theoretical relations. While we did not discuss the application of NIR PLZ relations for RRL
to individual stellar systems, several investigations have been carried out in the literature
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to obtain precise and accurate distances to GCs, e.g., M92 [127], M5 [52], ω cen [48,118],
M4 [80], M3 [50], and M53 [44].

In addition to PLZs for RRL, Wesenheit magnitudes [128,129] have also been used
to derive period–Wesenheit–metallicity (PWZ) relations. Wesenheit magnitudes are, by
construction, independent of reddening, and therefore, two-color photometry allows for
accurate distance determinations using PWZ relations by minimizing extinction uncertain-
ties. Marconi et al. [33] presented theoretical optical and NIR PWZ relations using stellar
pulsation models. The authors found that the optical Wesenheit, using a combination of B-
and V-bands, is almost independent of metallicity, but other Wesenheit relations exhibit
relatively strong metallicity dependence. The application of PWZ relations to obtain a
precise distance to ω Cen has been discussed in detail in Braga et al. [47].

The absolute calibration of RRL PLZ and PWZ relations is critical for providing
classical Cepheid-independent calibrations of the extragalactic distance scale for the deter-
mination of the Hubble constant [22]. The Hubble constant measurements in the late and
early Universe are currently in tension, implying that the Universe is expanding faster than
the predictions of the standard cosmological model (see [130–132] for details). This Hubble
tension, if confirmed, could have significant consequences for both fundamental physics
and modern cosmology. Therefore, independent extragalactic distance scales based on
population I and population II distance indicators are crucial for exploring residual system-
atics in the local Hubble constant measurements. RRL and the Tip of the Red Giant Branch
(TRGB) stars are population II distance indicators that can be applied to galaxies of any
Hubble type and of any inclination, and they are found in less-extincted and less-crowded
environments, unlike young population I Cepheids [133]. Given the recent progress in
observational and theoretical frameworks, the stage is set for fully exploiting population
II distance indicators. RRL, despite being fainter than Cepheids and TRGB, can be used
to complement and test TRGB distances within and beyond the local group. The GC RRL
variables can be used to determine their accurate distances and calibrate independent
secondary distance indicators such as the GC luminosity function. The improvement of
RRL as distance indicators will not only enable morphological studies of the Milky Way
and nearby galaxies, but also boost their application as stellar population tracers of age,
metallicity, and the extinction of their host galaxies. The RRL distance scale will reach
its full potential with upcoming major observational facilities, which will predominantly
operate in the infrared regime where these standard candles become more precise and
powerful.

4. Type II Cepheids

The discovery of T2Cs was a crucial step in the modernization of the extragalactic
distance scale in the 1950s, when it was suggested that the PLRs of T2Cs are different
than those of classical Cepheids [134]. Since then, T2Cs have received far less attention
than classical Cepheids because the former are fainter and typically less abundant. In the
catalogue of Clement et al. [40], there are about hundred known candidate T2Cs in the
GCs. More than 300 T2Cs are known in the Magellanic Clouds, but the number is nearly
thirty-times smaller than that of known classical Cepheids [135,136]. However, T2Cs are
very useful tracers in old stellar systems such as the Galactic bulge [27], where population I
classical Cepheids are not present. Soszyński et al. [27] found more than 900 T2Cs in the
bulge. T2Cs are known to have evolved from the blue HB in GCs, and therefore, they are
likely to be found in stellar systems where blue HB is well populated.

Most GCs host, at most, a couple of T2Cs; thus, homogeneous optical and NIR
photometry is not available for a statistically significant number of cluster variables in
the literature. Only three clusters (NGC 6388, NGC 6441, and ω Cen) host seven or
more T2Cs, with NGC 6388 known to host 10 T2C candidates [40]. Nemec et al. [111]
provided a compilation of optical photometry of 40 GC T2Cs and derived their PLRs.
Matsunaga et al. [137] used homogeneous NIR time-series for 46 T2Cs in 26 GCs to derive
JHKs PLRs. While Pritzl et al. [138] added T2Cs in NGC 6388 and NGC 6441 to an optical
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sample, Braga et al. [97] provided an updated sample of T2Cs with NIR photometry by
adding variables in ω Cen. We combined and updated the optical and NIR dataset of T2Cs
from these studies to obtain a sample of 60 variables in GCs for a comparative study of their
pulsation properties. The distances, mean-metallicities, and the reddening values in each
GC were also compiled from the aforementioned studies. The mean-magnitudes and colors
of T2Cs were also corrected for extinction using the reddening law of Cardelli et al. [79].

4.1. Multiband Light Curves

T2Cs are known to exhibit complex light curve variations depending on their subtypes,
periods, and stellar environment. Figure 12 displays example light curves of a BL Her, W
Vir, and RV Tau variable in ω Cen. A clear decrease in amplitude and a small phase lag
from optical to NIR is evident in these light curves. The optical light curves of BL Her
show a sharp rise from minima to maxima and a shallower decreasing branch similar to
RRab stars (see Figure 2). This saw-tooth RRab-like characteristic is associated with the
above HB variables originally suggested by [139] for short-period (<3 days) T2Cs. NIR
light curves are also more symmetric in HKs-bands. T2Cs in the bulge display secondary
bumps on the descending branch for the shortest periods, which moves to earlier phases,
and to the ascending branch for longer periods [135,140]. Note that this is similar to the
so-called “Hertzsprung Progression” in classical Cepheids [58,141,142]. This bump feature
disappears for longer-period (P > 3 days) BL Her, which show a plateau or flat maxima
(e.g., V48 in Figure B.1 of [97]).
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Figure 12. Multiband light curves of T2Cs in ω Cen from Braga et al. [97]. Each panel displays
example light curves of different subclasses of T2Cs—Left: BL Her; Middle: W Vir; Right: RV Tau.
The variable star ID and the pulsation periods are listed on the top of each panel.

The multiband light curves of a W Vir T2C, shown in Figure 12, are near-sinusoidal,
in particular for wavelengths longer than V. The variations in the light curves occur
systematically, which can change amplitudes in different pulsation cycles. For shorter-
period (5 < P < 8 days) W Vir, the rise time from minima to maxima is faster, but the
light curves are more symmetric for longer-period variables. For longer-period W Vir
in the bulge and Magellanic Clouds, a bump prior to the maxima is commonly seen,
as first noticed by Diethelm [139]. Another class of peculiar W Vir was also proposed
by Soszynski et al. [143] in the Magellanic Clouds, which are brighter and bluer than W Vir.
The light curves of peculiar W Vir exhibit significant scatter due to variations of periods
and additional modulations, suggesting their binary evolution.
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The light curves of RV Tau are known to exhibit alternating deep and shallow minima.
However, the light curves of V1, shown in the right panel of Figure 12, do not display
this feature, much like the other RV Tau variables in GCs [144]. The alternative minima
is typical of field RV Tauri, and is also common in bulge and Magellanic Cloud variables.
The occurrence of deep and shallow minima also interchanges in some RV Tau variables.
Furthermore, the maxima can also exhibit alternations such that higher maxima follow
deeper minima. The light curves of RV Tau exhibit significant scatter due to their irregular
brightness variations from cycle to cycle, and this scatter increases for longer-period RV
Tau stars.

4.2. Color–Magnitude and Period–Amplitude Diagrams

Figure 13 displays optical and NIR color–magnitude diagrams of T2Cs after correcting
for distance and extinction. The short-period BL Her are slightly bluer than the longer
period T2Cs, as these evolve from the blue HB towards the AGB and cross the IS while
depleting helium in the core. The brighter W Vir are considered to make temporary excur-
sions through IS from cooler temperatures, when they suffer shell flashes after reaching
AGB [18]. However, these excursions are not expected to occur commonly, as suggested by
the theoretical models [145,146]. Note that there are fewer T2Cs in optical color–magnitude
diagrams because our sample lacks quality data for long-period RV Tau. Long-term photo-
metric monitoring is essential to properly estimate the mean pulsation properties for these
variables.
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Figure 13. Optical and NIR color–magnitude diagrams of different subtypes of T2Cs variables. BLH—
BL Her, WVI—W Vir, and RVT—RV Tau. The reference color–magnitude diagram (small/black data
points) is of M3, after correcting for distance and extinction.

Figure 14 shows period–amplitude diagrams for T2Cs in GCs at optical and NIR
wavelengths. For a relative comparison, we have also shown amplitudes of T2Cs in the
LMC and the Galactic bulge. The optical amplitudes of BL Her show a marginal increase
with period for up to 3 days, albeit with large scatter. The amplitudes of BL Her display an
evidence of a decrease between 3 and 7 days. This suggests that these above HB variables
display a wide range of light curve morphologies, even within a narrow period range. The
amplitudes of W Vir increase sharply as a function of period between 5 and 20 days, while
the amplitudes of RV Tau (P > 20 days) decrease with increasing period. In the NIR bands,
a significantly smaller scatter is seen in amplitudes for BL Her variables with periods less
than 3 days. In this period range, the amplitudes seem to increase almost linearly as a
function of period in the Ks-band. Similar trends to the optical bands are seen for W Vir
and RV Tau at longer wavelengths. Braga et al. [97] investigated amplitude ratios for T2Cs
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and found a small but significant dependence on pulsation period, unlike RRL stars, which
seem to have constant amplitude ratios for RRc and RRab stars [48,50].
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Figure 14. Optical and NIR period–amplitude diagrams for T2Cs in GCs. The grey symbols are
amplitudes of T2Cs in the LMC (left panels) and the Galactic bulge (right panels).

4.3. Period–Luminosity Relations

From the earlier studies of T2Cs in GCs based on photographic plates, it was known
that these variables follow a PLR in optical bands [147]. Optical PLRs were also derived
separately for short- and long-period T2Cs with a break at 10 days [148], and two PLRs were
even fitted to T2Cs in GCs, assuming their pulsations both in fundamental and overtone
modes [111]. However, modern data from time-domain surveys, in particular those in
the Magellanic Clouds, revealed that T2Cs follow solid, optical band PLRs [28,149,150].
Using high-precision HST photometric data for the two metal-rich clusters NGC 6388 and
NGC 6441, which host most T2Cs, Pritzl et al. [138] derived well-defined and tight PLRs
for T2Cs in BVI-bands.

There is empirical evidence that T2Cs follow tight PLRs in GCs at NIR wavelengths [137]
similar to RRL stars. Matsunaga et al. [137] used NIR light curves of 46 T2Cs in 21 GCs
to derive a linear PLR for BL Her, W Vir, and RV Tau variables. They used distances
to individual GCs based on HB–metallicity relations, which also showed a consistency
between the RRL and T2C distance scale. However, RV Tau variables in the Magellanic
Clouds appear to be brighter than the PLR followed by the BL Her and W Vir stars [151].
Bhardwaj et al. [152] also found an evidence of a linear relation for all T2Cs in the LMC.
NIR observations of BL Her and W Vir in the bulge have also been used to investigate their
PLRs and determine a distance to the galactic center [153,154].

Figure 15 displays optical and NIR PLRs for T2Cs in GCs. A single slope is fitted to all
three subclasses of T2Cs. The best-fitted PLRs are provided below:
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MB = 0.23 (0.13)− 1.64 (0.13) log(P) (σ = 0.38, N = 39)

MV = −0.02 (0.10)− 1.90 (0.09) log(P) (σ = 0.28, N = 36)

MI = −0.54 (0.07)− 2.14 (0.07) log(P) (σ = 0.22, N = 42)

MJ = −0.88 (0.06)− 2.23 (0.05) log(P) (σ = 0.18, N = 50)

MH = −1.11 (0.06)− 2.35 (0.05) log(P) (σ = 0.17, N = 48)

MKS = −1.11 (0.05)− 2.41 (0.04) log(P) (σ = 0.15, N = 50)
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Figure 15. Optical and NIR PLRs of T2Cs in GCs. Dashed lines represent best-fitting linear re-
gression. Dotted lines display ±2σ scatter in the best-fitting relation. Grey plus symbols represent
outlier variables.

It is evident that the PLRs exhibit consistently smaller scatter at longer wavelengths.
The slope and zero-point of optical BVI PLRs in GCs are statistically consistent with those
derived in Nemec et al. [111] and Pritzl et al. [138]. The NIR PLRs are similar to those in
Matsunaga et al. [137] because the T2C sample is the same with the addition of four more
T2Cs (three in ω Cen and one in M15). In Figure 15, RV Tau seem to fall systematically on
the brighter end of the best-fitting relation at optical wavelengths. However, there is no
such evidence in the NIR data.

There is theoretical and empirical evidence that the PLRs are minimally affected by the
metal-abundances, in contrast to RRL stars. Theoretical predictions of Di Criscienzo et al. [155]
and Marconi and Di Criscienzo [156] suggested that the metallicity effects are of the order of
0.05 mag/dex on T2C PLRs. Das et al. [157] also computed BL Her models for a wide range
of metal-abundances and derived multiband PLRs, which were found to be independent of
metallicity. Matsunaga et al. [137] also found a negligible metallicity dependence on T2C
PLRs at NIR wavelengths. We did not find any correlation of the residuals of PLRs with
metallicity for T2Cs, implying a negligible dependence on metallicity. Braga et al. [97] used
T2C PLRs in ω Cen to obtain a distance to the cluster that is consistent with independent
methods, including those based on RRL stars. Since T2Cs and RRL follow the same PLRs
in NIR bands, their combined PLRs can be used as an alternative to classical Cepheids for
providing the calibration of the first rung of the extragalactic distance scale.

5. Summary

The article provides a review of recent advancements in the studies of the optical
and NIR pulsation properties of RRL and T2Cs in GCs. While the modern time-domain
surveys provide a vast amount of data at optical wavelengths, the JHKs time-series is still
limited to only a few GCs, covering a statistically significant sample of RRL. Moreover,
the crowded nature of GCs makes it difficult to obtain homogeneous photometry, even
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from time-domain surveys. We summarized light curve variations, color–magnitude and
period–amplitude diagrams, and provided an empirical calibration of RRL and T2C PLRs
at multiple wavelengths. The evolutionary scenario for RRL is well-understood, but the
evolution of T2Cs, in particular, W Vir and RV Tau, is still debated in the literature. The
pulsation properties of both RRL and T2Cs have now been explored in great detail at both
the optical and NIR bands, which further strengthens their case for being potential primary
distance indicators for the extragalactic distance scale. However, there still remain open
questions related to the Oosterhoff dichotomy and the second parameter for the HB mor-
phology in GCs. While some progress has been made in quantifying the metallicity effects
on RRL and T2C PLRs, their absolute calibration is also being addressed with parallaxes
from the Gaia mission. Our understanding of the impact of composition, metallicity, and
helium effects in particular, on RRL and T2C pulsation properties will benefit from ongoing
and upcoming large spectroscopic surveys. These cluster variables have played significant
roles in our understanding of the evolution of stars and our Galaxy, and will continue
enabling new insights into the mysteries of the Universe.
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Note
1 We exclusively use “BL Her”, “ W Vir”, and “RV Tau” to refer to the subclasses of type II Cepheids based on their prototype

star—BL Herculis, W Virginis, and RV Tauri, respectively.
Note
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29. Soszyński, I.; Smolec, R.; Udalski, A.; Pietrukowicz, P. Type II Cepheids Pulsating in the First Overtone from the OGLE Survey.
Astrophys. J. 2019, 873, 43. [CrossRef]

30. Kippenhahn, R.; Weigert, A. Book Review: Stellar structure and evolution/Springer-Verlag, 1990. Space Sci. Rev. 1991, 58, 190.
31. Salaris, M.; Cassisi, S. Evolution of Stars and Stellar Populations; Wiley-VCH: Hoboken, NJ, USA, 2005; p. 400, ISBN 0-470-09220-3.
32. Catelan, M.; Smith, H.A. Pulsating Stars; Wiley-VCH: Hoboken, NJ, USA, 2015.
33. Marconi, M.; Coppola, G.; Bono, G.; Braga, V.; Pietrinferni, A.; Buonanno, R.; Castellani, M.; Musella, I.; Ripepi, V.; Stellingwerf,

R.F. On a New Theoretical Framework for RR Lyrae Stars. I. The Metallicity Dependence. Astrophys. J. 2015, 808, 50. [CrossRef]
34. Bono, G.; Caputo, F.; Cassisi, S.; Castellani, V.; Marconi, M. Metal-rich RR Lyrae Variables. I. The Evolutionary Scenario. Astrophys.

J. 1997, 479, 279–289. [CrossRef]
35. Gingold, R.A. The evolutionary status of population II cepheids. Astrophys. J. 1976, 204, 116–130. [CrossRef]
36. Bono, G.; Caputo, F.; Santolamazza, P. Evolutionary scenario for metal-poor pulsating stars. I. Type II Cepheids. Astron. Astrophys.

1997, 317, 171–177.
37. Groenewegen, M.A.T.; Jurkovic, M.I. Luminosities and infrared excess in Type II and anomalous Cepheids in the Large and

Small Magellanic Clouds. Astron. Astrophys. 2017, 603, A70. [CrossRef]
38. Groenewegen, M.A.T.; Jurkovic, M.I. The period-luminosity and period-radius relations of Type II and anomalous Cepheids in

the Large and Small Magellanic Clouds. Astron. Astrophys. 2017, 604, A29. [CrossRef]
39. Manick, R.; Van Winckel, H.; Kamath, D.; Sekaran, S.; Kolenberg, K. The evolutionary nature of RV Tauri stars in the SMC and

LMC. Astron. Astrophys. 2018, 618, A2. [CrossRef]
40. Clement, C.M.; Muzzin, A.; Dufton, Q.; Ponnampalam, T.; Wang, J.; Burford, J.; Richardson, A.; Rosebery, T.; Rowe, J.; Hogg, H.S.

Variable Stars in Galactic Globular Clusters. Astrophys. J. 2001, 122, 2587–2599. [CrossRef]
41. Corwin, T.M.; Borissova, J.; Stetson, P.B.; Catelan, M.; Smith, H.A.; Kurtev, R.; Stephens, A.W. The Globular Cluster M15. I.

Identification, Discovery, and Period Determination of Variable Stars. Astrophys. J. 2008, 135, 1459–1473. [CrossRef]
42. Bhardwaj, A.; Rejkuba, M.; Sloan, G.C.; Marconi, M.; Yang, S.C. Optical and Near-infrared Pulsation Properties of RR Lyrae and

Population II Cepheid Variables in the Messier 15 Globular Cluster. Astrophys. J. 2021, 922, 20. [CrossRef]
43. Arellano Ferro, A.; Bramich, D.M.; Figuera Jaimes, R.; Giridhar, S.; Kuppuswamy, K. The unusually large population of Blazhko

variables in the globular cluster NGC 5024 (M53). Mon. Not. R. Astron. Soc. 2012, 420, 1333–1346. [CrossRef]
44. Bhardwaj, A.; Rejkuba, M.; de Grijs, R.; Yang, S.C.; Herczeg, G.J.; Marconi, M.; Singh, H.P.; Kanbur, S.; Ngeow, C.C. RR

Lyrae Variables in Messier 53: Near-infrared Period-Luminosity Relations and the Calibration Using Gaia Early Data Release 3.
Astrophys. J. 2021, 909, 200. [CrossRef]
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135. Soszyński, I.; Udalski, A.; Szymański, M.K.; Wyrzykowski, Ł.; Ulaczyk, K.; Poleski, R.; Pietrukowicz, P.; Kozłowski, S.; Skowron,
D.; Skowron, J.; et al. The OGLE Collection of Variable Stars. Type II Cepheids in the Magellanic System. Acta Astron. 2018,
68, 89–109. [CrossRef]
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