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Abstract. Period-colour (PC) relations may be used to study the interaction of the
stellar photosphere and the hydrogen ionisation front (HIF). RR Lyrae (RRL) and long
period classical Cepheids (P > 10d) have been found to exhibit different PC behavior
at minimum and maximum light which can be explained by the HIF-photosphere inter-
action based on their location on the HR diagram. In this work, we extend the study
to include type II Cepheids (T2Cs) with an aim to test the HIF-photosphere interaction
theory across a broad spectrum of variable star types. We find W Vir stars and BL Her
stars to have similar PC relations as those from long period and short period classical
Cepheids, respectively. We also use MESA to compute RRL, BL Her, and classical
Cepheid models to study the theoretical HIF-photosphere distance and find the results
to be fairly consistent with the HIF-photosphere interaction theory.

1. Introduction

Classical pulsators like RRLs, T2Cs, and classical Cepheids are important astrophysi-
cal objects. They are used as tracers of stellar populations and extragalactic distances,
thanks to their well-defined period-luminosity relations (Muraveva et al. 2015; Bhard-
waj et al. 2016). Bhardwaj et al. (2014); Das et al. (2018), and references therein)
studied the PC relations to gain insight into the structure of the outer envelopes of
RRLs and classical Cepheids. The PC results remained consistent with different obser-
vational datasets: RRLs have flat PC slope at minimum light with a significantly greater
PC slope at maximum light while long-period classical Cepheids (P > 10 d) have a flat
PCmax slope with a significant PCmin slope. These results may be explained by the
interaction of the stellar photosphere and the HIF (Kanbur & Phillips 1996). The dif-
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Figure 1. The period-colour relations for the different subclasses of type II
Cepheids in the Bulge and the Magellanic clouds at maximum and minimum light.
The best fit linear regression for T2Cs as a whole with the different sub-classes com-
bined is represented by the dashed line, after recursively removing the 3σ outliers
(shown in smaller symbols).

ference in the behaviour of PC relations between RRLs and classical Cepheids may be
attributed to their different locations on the Hertzsprung-Russell (HR) diagram- RRLs
are hotter and less luminous than classical Cepheids. A lower L/M ratio and/or a hotter
effective temperature indicates smaller distance between the HIF and the photosphere
or equivalently, a situation with “engaged” HIF-photosphere.

Conversely, according to the HIF-photosphere interaction theory, we expect stars
occupying similar regions on the HR diagram to show similar behaviour in their PC
relations. With an aim to analyse this, we extend our study to include the PC relations
of the different subclasses of T2Cs. We use the classification as provided by Soszyński
et al. (2018): BL Hers are those with periods between 1 − 4 days, W Vir stars have
periods between 4−20 days and RV Tau stars have P > 20d. We also compute a sample
grid of RRL, classical Cepheid, and BL Her models using the radial stellar pulsation
codes in Modules for Experiments in Stellar Astrophysics (MESA, Paxton et al. 2019)
to study the distance between the HIF and the photosphere theoretically.

2. Data and Methodology

The optical (VI) light curves of the T2Cs in the Galactic bulge (Soszyński et al. 2017)
and the Magellanic Clouds (Soszyński et al. 2018) are obtained from the OGLE-IV
catalogue. We choose stars with well-sampled light curves for our analysis, having
more than 30 epochs of observation in both V and I bands. The light curves are fitted
with the Fourier sine series (Das et al. 2018): m = m0 +

∑N
k=1 Ak sin(2πkx + φk), where
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Figure 2. An example of a full-amplitude stable pulsation BL Her model with the
input parameters Z = 0.004, X = 0.756,M = 0.55M⊙, L = 64.56L⊙, T = 5950K.

x is the phase and N is the order of fit (4 ≤ N ≤ 8) obtained from the Bart’s criteria
(Bart 1982). We define colour at maximum and minimum light as:

(V − I)max = Vmax − Iphmax; (V − I)min = Vmin − Iphmin, (1)

where Iphmax and Iphmin correspond to the I-mag at the same phase as that of Vmax and
Vmin, respectively.

The PC relations for the T2Cs are obtained after correcting for extinction using
standard methods. The colour excess for T2Cs in the Magellanic Clouds are obtained
from the reddening maps of Haschke et al. (2011) while those in the Galactic bulge
are obtained from Gonzalez et al. (2012). The extinction values are then estimated by
adopting the reddening law of Cardelli et al. (1989).

3. Results from the observational aspect

The PC relations for the T2Cs in the Galactic bulge and the Magellanic Clouds at min-
imum and maximum light are displayed in Fig. 1. The PCmax slopes for W Vir stars
in the Bulge (0.037 ± 0.141), LMC (−0.033 ± 0.086), and SMC (−0.169 ± 0.189) are
not significantly different from zero (i.e., flat) while those for PCmin are significantly
sloped. This is similar to the nature of PC relations for long period classical Cepheids
(P > 10d) in Galaxy, LMC, and SMC (Bhardwaj et al. 2014). The similarity of the PC
relations between W Vir and classical Cepheids may be explained by their occupation
of the same regions on the HR diagram and thus, equivalent L/M ratios and effective
temperatures. This observational evidence is thus in support of the HIF-stellar photo-
sphere interaction theory. BL Her stars, on the other hand, have a positive PC slope in
the Bulge and the LMC and a flat (but negative) slope in the SMC at both minimum and
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maximum light. The nature of the sloped PC relations at both minimum and maximum
light for BL Her stars is similar to those for the short period classical Cepheids.

4. Results from the theoretical aspect

To study the HIF-photosphere interaction from a theoretical perspective, we compute
RRL, BL Her, and classical Cepheid models using the radial stellar pulsation code in
MESA (Paxton et al. 2019). We choose to use the convection parameter set A from Ta-
ble 4 of Paxton et al. (2019) which corresponds to the simplest convection model. For
our analysis, we proceed with the models that have full-amplitude stable pulsations in
the fundamental mode, an example of which is shown in Fig. 2. The stellar photosphere
is defined as the zone with optical depth of 2/3 while the HIF is the zone with the steep-
est gradient in temperature. The HIF-photosphere distance, ∆ is then defined in terms
of Q = log(1 − Mr/M) (Kanbur et al. 2004). Fig. 3 displays the HIF-photosphere dis-
tance as a function of log(P) for the computed models at minimum and maximum light.
For a particular model, we find that the HIF-photosphere distance is always smaller at
maximum light. The top panel of Fig. 3 shows the HIF-photosphere distance of the
different variable star types to be almost constant at maximum light. However, from the
lower panel, we may clearly observe the smaller HIF-photosphere distance for the RRL
models at minimum light (a situation of “engaged” HIF-photosphere) as opposed to the
much larger HIF-photosphere distance for classical Cepheid models. BL Her models
show an intermediate behaviour to those from RRL and classical Cepheid models.

5. Discussion and Conclusions

We have analysed the PC relations of the different subclasses of T2Cs in the Galactic
bulge and the Magellanic Clouds using OGLE-IV data. We find the W Vir stars to have
a flat PC slope at maximum light and a significantly sloped PCmin; a situation similar
to long-period (P > 10d) classical Cepheids (Bhardwaj et al. 2014). On the other hand,
BL Her stars have sloped PC relations at both minimum and maximum light, similar to
the short-period classical Cepheids. These results may be explained by the HIF-stellar
photosphere interaction theory (Kanbur & Phillips 1996). A lower L/M ratio and/or
a hotter effective temperature indicates smaller HIF-photosphere distance. This is true
for W Vir stars and classical Cepheids at maximum light when the temperature of the
photosphere is the same as the temperature of the HIF, thereby resulting in a flat PCmax.
RRLs always have an “engaged” HIF-photosphere. However, at minimum light, this
occurs at a regime where Saha ionisation equilibrium is somewhat independent of the
temperature, thereby resulting in a flat PC relation at minimum light (Das et al. 2018).
BL Her stars occupy a region intermediate to the RRLs and classical Cepheids on the
HR diagram, and this may explain the intermediate nature of their PC relations.

We have also computed RRL, BL Her, and classical Cepheid models using MESA
(Paxton et al. 2019) to theoretically test out the HIF-photosphere interaction theory by
looking at their relative locations. We find that HIF-photosphere distance to be always
smaller at maximum light, for a particular model. At minimum light, we find the HIF-
photosphere distances for the classical Cepheid models to be much larger than that for
the RRL models. The MESA computed models therefore support the HIF-photosphere
interaction theory to a reasonable extent.
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Figure 3. The plots of distance (∆) between HIF and stellar photosphere as func-
tion of log(P) at maximum and minimum light.
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