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Abstract. This work presents the study of multiphase relations of classical Cepheids in the
Magellanic Clouds for short periods (log P < 1) and long periods (log P > 1). From the analysis,
it has been found that the multiphase relations obtained using the models as well as observations
are highly dynamic with pulsational phase. The multiphase relations for short and long periods
are found to display contrasting behaviour for both LMC and SMC. It has been observed that
the multiphase relations obtained using the models agree better with the observations in the PC
plane in most phases in comparison to the PL plane. Multiphase relations obtained using the
models display a clear distinction among different convection sets in most phases. Comparison
of models and observations in the multiphase plane is one way to test the models with the
observations and to constrain the theory of stellar pulsation.
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1. Introduction

Theoretical pulsation properties of Cepheid variables have been investigated by Bono
and his group in the 1990s (Bono et al. 1998, 1999, 2000; Caputo et al. 2000a,b). The
comparison between the observed and theoretical period-color (PC), amplitude-color
(AC) and period-luminosity (PL) relations for Cepheids, RR Lyraes, and ¢ Scuti stars in
the Galaxy and the Magellanic Clouds in the literature were mostly done at maximum,
minimum, and mean light (Kanbur et al. 2004; Kanbur and Ngeow 2006; Kanbur et al.
2007; Das et al. 2020; De Somma et al. 2020; Deka et al. 2022; De Somma et al. 2022).
However, the relation at mean light is the average of the relations at all phases, hence,
investigating the Cepheid PL/PC relations at other phases of the stars provides a better
understanding of the pulsational properties of the stars. A multiphase study of Cepheid
PL/PC/AC relations has been done by Ngeow and Kanbur (2006) and the comparative
study of the same with the models has been carried out by Kanbur et al. (2010). In
this study, we investigate the theoretical PL/PC relations of Cepheids at multiple phases
during a pulsation cycle, using the radial stellar pulsation (RSP) code in Modules for
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Experiments in Stellar Astrophysics (MESA, Paxton et al. (2011, 2013, 2015, 2018, 2019)
and the same for the observations using OGLE-IV database.

2. Methodology

Theoretical — light curves of Cepheids are generated using MESA-RSP
(Smolec and Moskalik 2008; Paxton et al. 2019) in all four sets of convection
parameters A, B, C and D. A brief explanation of the parameters in each convection set
is outlined in Paxton et al. (2019). The chemical composition appropriate for the LMC
(Z=0.008, X =0.742) and SMC (Z =0.004, X =0.746) are adopted from Bono et al.
(1998). For each chemical composition and mass in the range 3.6 Mg — 6.8 Mg, the
luminosity is calculated using the rotation-averaged mass-luminosity (ML) relation
of Anderson et al. (2014). The models cover a wide range of effective temperatures
between ~ 4000 K to 8000 K. It is to be noted that the Cepheid light curves obtained
using the models pulsate in the fundamental mode (FU) and fulfilled the condition of
full-amplitude and stable pulsation state where the amplitude of radius variation (AR),
the pulsation period computed on a cycle to cycle basis (P), and the fractional growth
of the kinetic energy per pulsation period (I') vary by less than 0.01 in the last 100
pulsation cycles of the total pulsation cycles computed (Das et al. 2021). The period
range of the light curves generated using the models is between 3 < P(d) < 32.

Light curves for FU Cepheids in the optical bands (V) in the Magellanic Clouds
(MCs) are obtained from the OGLE-IV catalogue (Soszyniski et al. 2015). Stars listed
in 'remarks.text’ file provided by OGLE-IV are rejected. Light curves consisting of more
than 30 data points and within period range of 3 < P(d) < 32 are selected from both
the bands leaving 1530 and 703 stars in the LMC and SMC, respectively. The apparent
magnitudes are corrected for interstellar extinction using Skowron et al. (2021) reddening
map, the extinction values are adopted using the reddening law of Cardelli et al. (1989).
Furthermore, the same period range of 3 < P(d) < 32 for models and observations is
considered throughout the analysis.

The light curves obtained from the observations and the models are fitted using a
cosine Fourier decomposition (Deb and Singh 2009, and reference therein)

N
m(®)= A+ Z A; cos (2mi® + ¢;) (1)
i=1

® is the pulsation phase ranges from 0 to 1 given by

o ;f‘)) — Int [(ttoq : (2)

P

where ¢ is the time of observation in days, ty is the epoch of maximum light and P
denotes the period in days.

To investigate the behaviour of the PL/PC relation as a function of phase, equation (1)
is interpolated in ® from 0 to 1 in steps of 0.02 on the Fourier-fitted data points. The mag-
nitudes corresponding to the 50 pulsation phases were extracted from the interpolated
light curves for both the models and observations. The multiphase study was carried out
for short periods (log P < 1) and long periods (log P > 1.0) in both the LMC and SMC.
The number of light curves used in the analysis for both LMC and SMC are listed in
Table 1.

3. Results

The coefficients of the multiphase period-luminosity (MPPL) relations in both VI-
bands for both the models and observations are displayed in Figures- 1, 2, 3, 4. A distance
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Table 1. Summary of light curves used in the analysis.

Set A Set B Set C Set D Observations

LMC N, 169 108 115 66 1407
N; 138 129 142 147 123

SMC N, 203 149 155 87 612
N; 90 85 85 84 91

Ng: Short period light curves N;: Long period light curves
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Figure 1. Plots of the MPPL relations obtained from Cepheid models and observations for the
LMC in V-band. Orange, green, red and purple denote the relations obtained using convection
sets A, B, C and D, respectively. Blue represent observed relations. Left/right panels represent
the relations obtained using short/long period light curves.
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Figure 2. Same as Figure 1 but for LMC in I-band.
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Figure 3. Same as Figure 1 but for SMC.

modulus of upve = 18.49 + 0.008(statistical) + 0.047(systematic) mag (Pietrzyriski et al.
2019) and psmc = 18.97+£0.016 +£0.028 mag (Grazyk et al. 2020) are added to the
intercept of the theoretical MPPL relations obtained for LMC and SMC, respectively,
for comparison with the observed relations. Similarly the coefficients of the multiphase
period-color (MPPC) relations from the models and observation are shown in Figures- 5
and 6. The results obtained in the study are discussed below:

(1) MPPL Relations: The MPPL slopes/zero-points obtained from the observations
display minimum/maximum values at phase ® ~ 0.85 for short periods for both
LMC and SMC Cepheids in both the bands. However, long period Cepheids in
V I-bands exhibit maximum slopes and minimum zero-points at ® ~ 0.8 for both
LMC and SMC. For LMC, sets A & B exhibit minimum slopes and maximum zero-
points at ® ~ 0.8, and at ® ~ 0.7 using sets C & D for short periods. In case of the
SMC, the same was found at ® ~ 0.85 using sets A & B, while those using sets C
and D at ® ~ 0.8. However, for long periods, all the four convection sets exhibit
maximum/minimum slopes/zero-points at ® ~ 0.8 for both LMC and SMC. For
both the LMC and SMC, the MPPL relations obtained using convection set A is
more consistent with set B, whereas the relations obtained using set C is found
to be more consistent with set D. There is a discrepancy between the models and
the observations in the MPPL plane. The discrepancy may be because there are
fewer models than observations.

(2) MPPC Relations: For both LMC and SMC, the results of MPPC slopes/zero-
points using the observations display maximum/minimum points at ® ~0.85 for
short periods. However, for long periods, the largest variation of the slopes/zero-
points was found at ® ~ 0.8. At long periods, the LMC models (sets A, B, C, D)
exhibit maximum/minimum slopes/zero-points at ® ~ 0.8 and the SMC models
at ® ~0.75. For LMC models at short periods, convection sets A, B display min-
imum/maximum slopes at ® ~ 0.85, and sets C & D at ® ~0.7. In case of the
SMC, all the four convection sets display maximum/minimum slopes/zero-points
at ¢ ~0.7.
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Figure 4. Same as Figure 1 but for SMC in I-band.
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Figure 5. Same as Figure 1 but for MPPC in the LMC.

4. Discussion and Conclusion

Analysis of the light curves of Cepheid models generated using MESA-RSP and obser-
vations was carried for the LMC and SMC in both V- and I-bands. The comparison
of the results obtained using the models with the observed ones has been done in the
multiphase and Fourier parameter planes. The MPPL/MPPC relations obtained from
observations and models are found to be highly dynamic in nature, with the effect more
pronounced at ® ~ 0.7 — 0.85 for short and long periods, in both the LMC and SMC. This
is consistent with the results obtained by Ngeow and Kanbur (2006). The significantly
smaller number of theoretical light curves compared to observations seem to have a role
in the discrepancy between the models and observations in the MPPL plane. The avail-
ability of a larger set of non-linear models that cover the whole range of the observation
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Figure 6. Same as Figure 1 but for MPPC in the SMC.

data will provide more details of the apparent discrepancy between the models and the
observations.

In case of the LMC, a discrepancy between the modeled and observed light curves at
long periods can be seen at phases between ® ~ 0.0 — 0.4 and ® ~ 0.9 — 1.0 in the MPPL
plane in VI- bands, and between ® ~ 0.0 — 0.2 and ® ~ 0.9 — 1.0 in the MPPC plane.
The discrepancy between models and observations at long periods in the MPPL plane
is comparatively larger in the SMC compared to the LMC. Similarly, the same can be
seen in the MPPC plane. However, from Table- 1, it can be seen that the number of long
period modeled light curves are comparatively similar that of the observations for both
LMC and SMC. From these results, we demonstrate that a thorough investigation of
the ensemble of the models, the effects of the M LT Z X combinations and the convective
parameters on the multiphase relations for long period Cepheids must be considered.

It is worth mentioning here that the MPPC relations obtained using the four convection
sets are found to agree well with the observations for most of the phases in both LMC
and SMC. The agreement was observed for both short and long periods Cepheids.

Interestingly, it has been observed that the nature of the MPPL/MPPC observed
relations for short/long period Cepheids exhibit contrasting behaviour for both LMC
and SMC, and this behaviour is supported by models as well. This is an interesting
result revealed using the multiphase approach and is worthy of a thorough and detailed
inspection.

It can be seen that different convection sets are distinctive from each other in the
multiphase plane for most of the phases when compared to the FP plane. Figure 7
displays the Fourier phase and amplitude parameters as a function of period, obtained
using the models and the observations for both LMC and SMC in V- band. From the
figure, an overlap of the parameters among the four convection sets can be seen. Moreover,
the comparison in the multiphase planes requires the ensemble of models must match
the ensemble of observations. It may be stated that in this study, interesting results are
obtained using the multiphase approach. A deep and detailed investigation considering
the shortcomings mentioned in the present study can lead to a better way to test the
models and to constrain the pulsation theories.
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Figure 7. Comparison of Fourier parameters obtained using convection sets A, B, C, D with
the observed ones for the LMC (left panel) and SMC (right panel) in V-band.
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