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Abstract

Based on previously selected preliminary samples of red supergiants (RSGs) in M33 and M31, the foreground stars
and luminous asymptotic giant branch stars are further excluded, which leads to the samples of 717 RSGs in M33
and 420 RSGs in M31. With the time-series data from the Intermediate Palomar Transient Factory survey spanning
nearly 2000 days, the period and amplitude of RSGs are analyzed. According to the light-curve characteristics,
they are classified into four categories in which 84 and 56 objects in M33 and M31, respectively, are semi-regular
variables. For these semi-regular variables, the pulsation mode is identified by comparing with the theoretical
model, which yielded 19 (7) sources in the first overtone mode in M33 (M31), and the other 65 (49) RSGs in M33
(M31) in the fundamental mode. The period—luminosity (P-L) relation is analyzed for the RSGs in the fundamental
mode. The P-L relation is found to be tight in the infrared, i.e., the Two Mircon All-Sky Survey (2MASS) JHK
bands and the short-wavelength bands of Spitzer. Meanwhile, the inhomogeneous extinction causes the P-L
relation scattering in the V band, and the dust emission causes the less tight P-L relation in the Spitzer/[8.0] and
[24] bands. The derived P-L relations in the 2MASS/Kg band are in agreement with those of RSGs in the Small
Magellanic Cloud, the Large Magellanic Cloud, and the Milky Way within the uncertainty range. It is found that
the number ratio of RSGs pulsating in the fundamental mode to the first overtone mode increases with metallicity.
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1. Introduction

Red supergiants (RSGs) are Population I stars in the helium
burning stage with a mass range of about 9-27 M.,. They have
relatively low effective temperatures of ~3000—4000 K and the
corresponding spectral types of late K to M types (Massey et al.
2008). Their radius is large, with the maximum radius
being ~1500R. (Levesque et al. 2005), so that they have
low surface gravity of log g < 1.0 but high luminosity of
~3500-630,000L, (Massey et al. 2008; Massey & Evans
2016).

RSG is a phase of very significant mass loss (Stothers &
Chin 1996). The Reimers law (Reimers 1975; Kudritzki &
Reimers 1978) is an empirical relation between the mass-loss
rate (MLR), stellar luminosity, radius, and mass derived from a
sample of red giants and RSGs: M = 5.5 x 10~ *L, R, /M.
van Loon et al. (2005) also derived the relationship between
MLR and stellar parameters, but based on the samples of RSGs
and oxygen-rich asymptotic giant branch stars (AGBs) in the
Large Magellanic Cloud (LMC), log(M) = —5.5 + 1.05
log(L/10,000L.) — 6.3 log(Tes/3500 K). However, Mauron
& Josselin (2011) pointed out that the result might be biased
toward larger values of M because the samples contained
mainly extremely dusty RSG stars and the limitations of the
mid-infrared data available then.

Circumstellar dust forms with stellar mass loss, and most
RSGs have some amount of circumstellar dust (Verhoelst et al.
2009). These dust have obvious infrared emission, especially in
the mid-infrared band, which makes the luminosity of such
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RSGs in the infrared band exceed the upper limit of the
theoretical luminosity of RSGs, and the contribution can be
observed in the Spitzer 8 and 24 pm band.

RSGs are critical and important as both direct and indirect
progenitors of supernovae (SNe) that spend some time in the
RSG phase. Lower mass RSGs are known to be the direct
progenitors of core-collapse SNe II-P with clear hydrogen lines
in the optical spectrum and a distinctive plateau in visual light
curves. A certain number of SNe II-P have been proved to
associate with RSG progenitors by observation (Smartt 2015;
Maund 2017). However, higher-mass RSGs, first noticed by
Smartt et al. (2009), have not been detected as SN progenitors.
This may indicate that higher-mass RSGs are not the direct
progenitors of an SN; instead, they evolve back across the
Hertzsprung—Russell (H-R) diagram, spending a short time as
yellow supergiants (YSGs), blue supergiants, or Wolf-Rayet
stars before exploding as SNe (Ekstrom et al. 2012). But high-
mass RSGs play an important role in their final fate because the
mass-loss processes and dust production in the RSG phase will
influence their ending.

A large amount of dust is detected in high-redshift galaxies
when the low-mass stars have not evolved to the AGB phase to
become the dust contributor (Riechers et al. 2013). Therefore,
the massive stars are the main, if not unique, providers of dust
then. RSGs and SNe must be the major contributors to the
interstellar dust in such distant galaxies.

Most RSGs show some degree of variability in the visual
band. The typical amplitude of variation in the V band is about
1 mag, while in the near-infrared the amplitude is smaller,
about 0.25 mag in the K band, and even smaller in the mid-
infrared band (Levesque et al. 2007; Yang et al. 2018).
According to the characteristics of light variation, the RSG
variability is divided into two categories: one is irregular
variation that is too complex to be delineated by any period, the
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other is semi-regular variation that can be further divided into
two subclasses: one with short period (<several hundred days)
and the other with a long secondary period (LSP, >thousand
days). The main difficulty in the study of variability of RSGs is
the long timescale of variation. The time-series data need to
span over several hundreds of days to cover at least one entire
period of variation. If the LSP is present and desired to be
determined, an even longer time baseline is required to last for
several years.

Like other types of pulsating variables, RSGs exhibit the
period—luminosity (P-L) relation. Both the theory and
observation prove the existence of the P-L relation in RSGs
with semi-regular variation, especially the RSGs with short
period variation. Guo & Li (2002) derived the theoretical P-L
relations of fundamental (FU), first overtone (10) and second
overtone pulsation models for 15-30 M, RSGs. In the Milky
Way, based on the light curves collected by the American
Association of Variable Star Observers (AAVSO) with a span
of 60 yr, Kiss et al. (2006) studied 18 red supergiant stars to
obtain their P-L relation.

Based mainly on the All Sky Automated Survey (ASAS;
Pojmanski 2002) and MAssive Compact Halo Objects
(MACHO; Alcock et al. 1997) observation, Yang & Jiang
(2011, 2012) analyzed the light curves of 112 RSGs in the
Small Magellanic Cloud (SMC) and 169 RSGs in the LMC and
determined the periods of those semi-regular variables. They
derived the P-L relation based on 47 RSGs in the LMC and 21
RSGs in the SMC with short period semi-regular variation,
which was consistent with the result of the theory (Guo &
Li 2002). They also analyzed a sample of 40 RSGs in M33 and
obtained their P-L relation in the Two Mircon All-Sky Survey
(2MASS)/Ks band using the period from Kinman et al. (1987).

An extension to the environments of various metallicity will
examine its effect on the P-L relationship. In the Local Group,
the metallicity has a wide range from sub-solar in the SMC
(12 +1og(O/H) = 8.13; Russell & Dopita 1990) and LMC
(12 + log(O/H) = 8.37; Russell & Dopita 1990) to solar in
the Milky Way (12 4 log(O/H) = 8.70; Esteban & Peimbert
1995) and M33 (12 + log(O/H) = 8.75; Garnett et al. 1997)
and then to super-solar in M31 (12 + log(O/H) = 9.00;
Zaritsky et al. 1994). The metallicity is known to affect the
ratios of blue-to-red supergiants (B/R) and Wolf-Rayet stars to
RSGs (W-R/RSG). The B/R ratio changes by about seven
times (Maeder et al. 1980) and the W-R/RSG ratio changes by
about 100 times over 0.9 dex in metallicity (Massey 2002).
Unfortunately, differences in the W-R/RSG ratio cannot be
fully explained by stellar evolutionary models of massive stars.
Besides, metallicity has an obvious impact on color indices (or
spectral types) and effective temperatures of RSGs. The
spectral types of RSGs shift to earlier at lower metallicities
(Elias et al. 1985; Massey & Olsen 2003; Levesque &
Massey 2012; Dorda et al. 2016). The effective temperatures
of RSGs shift to warmer at lower metallicities, which was
demonstrated by observation in different regions of M33
(Drout et al. 2012). The effect of metallicity on the P-L relation
of RSGs is, however, not yet clear. From the studies of the
variability of RSGs in the SMC, the LMC, and the Milky Way,
the P-L relations seem to be very similar despite of various
metallicity. From the evolution and pulsation model of RSGs,
for a given period, the higher the metallicity is, the fainter the
luminosity is. The luminosity increases by 0.25 mag while
metal abundance is doubled at a given period. On the other
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hand, the P-L relations at different metallicities show a
tendency of an increasing period with metal abundance (Guo &
Li 2002).

Now, the Intermediate Palomar Transient Factory (iPTF)
survey (Law et al. 2009; Rau et al. 2009) covers the M33 and
M31 sky areas, and its time baseline is about 2000 days,
providing the possibility for an elaborate analysis of the
variation of RSGs in M33 and M31. Soraisam et al. (2018)
already analyzed the P-L relation of RSG in M31 using iPTF
data spanning from MJD 56,000 to 58,000. Here, we analyze
the case of M33. For consistency, M31 data is also included,
and we checked the agreement with the result of Soraisam et al.
(2018).

2. The Sample of RSGs
2.1. Foreground Stars

A complete and pure sample of RSGs forms the solid basis
to obtain a reliable P-L relation. Spectroscopy is the best tool
to identify RSGs in the Milky Way. Unfortunately, the
extragalactic RSGs may not be bright enough for a high
signal-to-noise ratio spectrum. On the other hand, they benefit
from the advantage of being at almost the same distance so that
the apparent magnitude plays a role like absolute magnitude.
Therefore, RSGs in the extragalactic systems can be identified
by multiband photometry (e.g., Massey et al. 2006). The
threshold of the luminosity and the range of color indexes are
used to select the RSG candidates. For example, the V = 20
mag cutoff and the color index V — R > 0.85 are used to select
the RSG candidates in M31 (Massey et al. 2009; Massey &
Evans 2016), where the V = 20 mag cutoff ensures sufficient
brightness to block out the AGBs and the color index
V — R > 0.85 restricts the stars to a K and later type. The
sample selected by this method can still be contaminated by
foreground dwarf stars and red giants in the Galactic halo.
Massey (1998) proved that the combination of color indexes
V—R and B —V can effectively separate RSGs from
the foreground dwarfs, because V — R is only sensitive to the
effective temperature, while B — V is sensitive to both the
effective temperature and surface gravity so that the low
surface gravity RSGs and the high surface gravity dwarfs are
significantly different in B — V. Comparison of the Besangon
model (Robin et al. 2003) with the observed color—-magnitude
diagram (CMD; Massey et al. 2016) and the kinetic identifica-
tion (comparing the radial velocities of RSGs (Massey et al.
2009) with the HII regions in M31 (Rubin & Ford 1970))
found that the pollution probability of red giants in the Galactic
halo was rather small.

The Local Group Galaxies Survey (LGGS; Massey et al.
2006, 2007) took images of several galaxies in the Local
Group, including M33 and M31, using the 4 m telescopes at the
Kitt Peak National Observatory and the Cerro Tololo Inter-
American Observatory. This survey worked in multiple bands
(U, B, V, R, and I) at a 1 ~ 2% photometry precision with a
limiting magnitude of ~21 mag. Massey et al. (2009) and
Massey & Evans (2016) published a sample of 437 RSG
candidates in M31 based on the two-color diagrams (TCD)
method. We select RSG candidates in M33 by the same
method with the criteria of V <20, V— R > 0.65, and
B — V> —1599(V — R)? + 4.18(V — R) — 0.83 (see Drout
et al. 2012) and obtain a sample of 749 RSG candidates in
Figure 1. Significant differences are seen to show up between
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Figure 1. B — V/V — R TCD of all red stars in M33. Foreground red dwarfs
are marked as green dots, RSG candidates are marked as red dots, and
foreground stars confirmed by Gaia are marked as black circles.

supergiant candidates and foreground dwarfs that locate above
and below the separating line, respectively.

Although Massey et al. (2009, 2016) demonstrate that the
pollution probability of foreground red giants is small, we
further use the distance of stars to check this argument directly
with the help of the Gaia data release 2 (DR2) that provides
parallaxes of 1.3 billion stars (Gaia Collaboration et al. 2018).
All stars shown in Figures 1 and 2 are cross-matched with the
Gaia DR2, and their distances are calculated with the Smith-
Eichhorn correction method (Smith & Eichhorn 1996) from the
Gaia-measured parallax. The distances of 918 red stars in M33
and 2216 red stars in M31 have relative error better than 20%.
Two (five) RSG candidates in M33 (M31) selected by the TCD
method are found to have a distance modulus less than 24.66
(24.40)—the distance modulus of M33 (M31) and are marked
by black circles in Figures 1 and 2. This confirmed that the
pollution probability of red giants is truly small, on the scale of
about 1%. Besides, foreground stars from the TCD method are
analyzed to check the agreement with Gaia distances: 430 of
1677 foreground stars in M33 and 1161 of 3589 foreground
stars in M31 are confirmed by the Gaia distances. Removing
the foreground red giants from the TCD-selected samples, we
are left with the samples of 747 RSG candidates in M33 and
432 RSG candidates in M31, consequently.

2.2. The AGB Stars

Once the foreground stars are removed, the only pollution is
the AGB stars in M33 and M31. On the H-R diagram, the
high-luminosity AGB stars have a definite overlap with the
low-luminosity RSGs (Brunish et al. 1986). We solve this
problem by setting the luminosity threshold in multiple bands.
According to the mass—luminosity relation of massive stars:

L _(mY)
L, M)’

where v~ 4 (Stothers & Leung 1971), and the RSG
luminosity corresponding to the mass range of 9-27 M., is
9*-27*L.. With the relationship between luminosity and
absolute bolometric magnitude,

Mbol =474 — 25 x log(i),
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Figure 2. B — V/V — R TCD of all red stars in M31. Foreground red dwarfs
are marked as green dots, RSG candidates are marked as red dots, and
foreground stars confirmed by Gaia are marked as black circles.

Table 1
Linear Fit Results between the Bolometric Magnitude and the Multiband
Magnitude from RSG Candidates in M33

Band Slope Intercept Correlation Mimax Mmin
J 1.09 —-2.90 0.95 13.54 18.73
H 1.09 —-3.71 0.94 12.73 17.93
Ks 1.15 —5.13 0.97 12.28 17.79
[3.6] 1.25 —6.80 0.86 12.02 17.97
[4.5] 1.32 —7.87 0.85 12.06 18.36
[5.8] 141 -9.75 0.79 11.46 18.17
[8.0] 1.34 —-9.57 0.58 10.61 16.99
[24] 1.09 —7.55 0.45 8.84 14.02

Note. The fitting form follows m(A) = a * mpo (M) + b.

the upper and lower limits of My, are My, = —9.57 and
Min — _4.80. Given the distance modulus of M33 being 24.66
(Orosz et al. 2007) and of M31 being 24.40 (Perina et al. 2009),
the limits of apparent bolometric magnitudes become
m™* = 15.09 and m™" = 19.86 for M33 and m™* = 14.83
and m™" = 19.60 for M31. On the observational side, the
bolometric K correction in the K band from Bessell et al.
(1998a, 1998b) is added to obtain the apparent bolometric
magnitude from the apparent K band for the RSG stars within a
given mass range. First, the effective temperature is derived
from the intrinsic color index (V — K)y: T = 8130.9 —
2113.22(V — K)y +327.883(V — K)3 — 17.7886(V — K)3,
where (V — K), is calculated from the observed color by
subtracting the interstellar extinction by assuming Ay = 1 and
Ak /Ay = 0.12 for all RSG candidates (Massey & Evans 2016).
Then, the bolometric correction in the K band is calculated from
BCx = 7.149 — 1.5924(T.;/1000K) + 0.10956(T.5;/1000 K)*
(Bessell et al. 1998a, 1998b) where the difference between the K
and Kg bands is very small and ignored in this work. The linear
relationship of the apparent magnitude with the apparent
bolometric magnitude is derived, which is used to convert the
limits of bolometric magnitudes to that in the corresponding band.
The results of the linear fitting between the bolometric magnitude
and that in the A\ band are shown in Table 1 and Figures 3 and 4,
e.g., the upper and lower limits in the J band are derived to be
13.54 and 18.73 mag, which correspond to the limits of apparent
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Figure 3. Linear fit between the bolometric magnitude and the multiband magnitude from RSG candidates in M33.
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Figure 4. Linear fit between the bolometric magnitude and the multiband magnitude from RSG candidates in M31.
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Table 2
Linear Fit Results between the Bolometric Magnitude and the Multiband
Magnitude from RSG Candidates in M31

Band Slope Intercept Correlation Mmax Mmin
J 1.08 —2.85 0.95 13.19 18.35
H 1.11 —4.08 0.95 12.33 17.61
Ks 1.17 —5.43 0.98 11.88 17.45
[3.6] 1.19 —6.10 0.88 11.58 17.27
[4.5] 1.32 —8.01 0.85 11.51 17.79
[5.8] 1.30 —7.99 0.85 11.29 17.49
[8.0] 1.48 —11.41 0.78 10.58 17.66
[24] 1.01 —5.73 0.53 9.22 14.03

Note. The fitting form follows m(\) = a * mpe (N) + b.

bolometric magnitudes of my~ = 15.09 and my" = 19.86 for
M33. The case of M31 is presented in Table 2 and Figure 4.

It is worth noting that the linear fitting has a relatively large
dispersion in the Spitzer 8 and 24 um bands. This can be
understood by the contribution of circumstellar dust to the flux
at 8 and 24 ym in addition to the stellar photosphere. This
scattering leads to relatively uncertain limits of brightness in
the 8 and 24 um bands.

Once the range of the brightness in some bands, mainly the
lower limit of the brightness, is set up, the locations of the RSG
stars can be delineated in the CMD with the help of the color
index, and the AGB stars can be separated. Several near- and
mid-infrared CMDs are shown in Figures 5 and 6, where the
magenta solid line marks the upper limit of the luminosity, and
the magenta dashed line marks the lower limit of the
luminosity. The range of the color index is marked by red
dashed—dotted line and blue dashed—dotted line. From multiple
CMDs of M31 and M33, the following facts are observed:

1. The maximum luminosity of all sources agrees well
with the theoretical limit of RSGs corresponding
to M = 27M,.

2. The minimum luminosity of all sources is about one
magnitude above the theoretical limit of RSGs corresp-
onding to 9M,,. The reason may be the selection effect of
observation that the fainter RSGs are not detected due to
the sensitivity limit.

3. In the CMD of Kg versus J — Kg, the red limit is at
J — Kg = 1.60, which is the limit of the carbon-rich and
oxygen-rich stars from Hughes & Wood (1990). The blue
limit is at / — Kg = 0.50, which is the observational limit
of the RSGs in the Galactic halo obtained by Josselin
et al. (2000).

4. In the [3.6] versus J — [3.6] diagram, about 95% of the
color index values lie within two standard deviations, and
the limits of blue and red colors are set to include over
95% sources in the sample based on the distribution.

5. Because of the influence of the CO absorption line on the
4.5 um band, the RSGs appear fainter in this band, so
they look blue in the color index [3.6]-[4.5] and most of
the sources have negative values.

6. In the CMDs of [8.0] versus J — [8.0] and [8.0] versus
Ks — [8.0], Ks — [8.0] becomes redder along with the
increasing brightness in the [8.0] band due to the
emission of circumstellar dust. A good linear relationship
exists between the color index and the brightness at [8.0].
For M33, [8.0] = —1.10 x (/ — [8.0]) + 16.26 and
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[8.0] = —1.09 x (Ks — [8.0]) + 15.03. For  M3l,
[8.0] = -1.20 x (/ — [8.0) + 16.11 and [8.0] = —
1.24 x (Kg — [8.0]) + 14.80. Therefore, the red limit
of the color index is taken at the intersection point of
the fitting line and the upper limit of the luminosity. Once
the red limit is set, the blue limit is set to ensure the
probability that lies in the range between the limits of
blue and red colors is 95% based on the distribution.

7. In the CMD of [24] versus [8.0]-[24], due to the
influence of the infrared emission of circumstellar dust on
the 24 um band, some sources supersede the theoretical
luminosity upper limit of the RSGs. The limits of the
color index [8.0]-[24] are set to include over 95% stars in
the sample based on the distribution.

In order to clear of the pollution of AGB stars, sources that
are fainter than the lower limit of Kg, [3.6], [8.0], and [24]
bands are removed.

Sources that are bluer than the blue limit of J — Kg or the
blue limit of J — [3.6] should be removed as well. As for color
indexes of J — [8.0], Ks — [8.0], and [8.0] — [24], they are not
reasonable criterion due to the impact of circumstellar dust, and
we only mark the range of these three color indexes by
experience.

In the CMDs of M33, 36 sources are bluer than the blue limit
of J — Kg or J — [3.6]; however, 16 of them have been
identified as RSGs by spectroscopy (Massey & Evans 2016). In
addition, 1, 1, 2, and 6 sources are fainter than the lower limit
of the Spitzer/IRAC [3.6], [5.8], [8.0], and Spitzer/MIPS [24]
band, respectively. In total, 30 sources are removed finally.

For M31, 22 sources are bluer than the blue limit of J — Kg
or J — [3.6]; however, 11 of them have been identified as
K-type or M-type supergiant stars by spectroscopy (Massey &
Evans 2016) so they are kept, and 1 of these sources is also
fainter than the lower limit of the Spitzer/IRAC [3.6] band
magnitude. Besides, 1 source is fainter than the lower limit of
the Spitzer/MIPS [24] band magnitude and is removed. In
total, 12 sources are removed.

We are left with the samples of 717 RSGs in M33 and 420
RSGs in M31 at last.

3. Time-domain Data
3.1. The iPTF Data

The time-series data is taken from the iPTF survey, a wide-
field survey for an exploration of optical transients using the
1.2 m Samuel Oschin Telescope at Palomar Observatory (Law
et al. 2009; Rau et al. 2009). This survey uses a large field
camera covering 7.8 square degrees with 11 2048 x 4096
charge-coupled devices (CCDs) at a resolution of 1.01 arcsec/
pixel. In the iPTF survey, 2 and 6 frames covered the M33 and
M31 sky area, respectively, from 2009 August to 2015 January
(about 2000 days in total) with a typical seeing of 2 arcsec.
Although the images were taken in both R and g bands, the
R-band observations are dominant and make use of >80%
time, reaching 20.5 mag at a 50 level. Therefore, we choose the
R-band iPTF data to analyze the variation of RSGs. The RSGs
are selected in the iPTF images within three arcseconds from
the position of the star. Figures 7 and 8 show the iPTF images
that include 658 and 377 RSG stars in M33 and M3l1,
respectively, whose light variations are further analyzed.
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Figure 6. CMDs for RSG candidates in M31. The symbol convention is the same as in Figure 5.
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Figure 7. iPTF image of M33 with the red dots for the position of RSGs.

3.2. Photometry

The CCD images were processed in a standard way. We
measured all the iPTF images available (796 images of M33
and 1980 images of M31) using the SExtractor code (Bertin &
Arnouts 1996) with fixed coordinates. For a precise photo-
metry, a stable reference star should be chosen for differential
photometry, and its brightness and color should be similar to
the target stars in order to cancel the influence of the
instruments and atmosphere as much as possible. For this
purpose, we made an artificial reference star whose brightness
is the average of all the red supergiant stars in each image, i.e.,
the average of approximately 700 RSGs in M33 and 100 RSGs
in M31 within one image. Naturally, this artificial star has the
very typical color of RSGs. The large scale of the sample
should smooth out the variation of all RSG stars, which makes
the artificial reference star stable. The stability of the brightness
is checked by comparing with a star from the Tycho reference
catalog (Hog et al. 1998) with a brightness of VI =
12.608 mag and a color of VI — BT = 1.704, which is similar
to RSGs. As shown in Figure 9, the standard error of
differential photometry between the artificial reference star
and the Tycho reference star is about 0.04 mag, which implies
that the photometric accuracy is better than 0.04 mag.
Considering this Tycho reference star is much brighter than
the RSGs, the real accuracy should be even better. In order to
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Figure 9. Performance of the artificial reference star. Rref represents the
R -band magnitude of the artificial reference star, and R represents the R-band
magnitude of the selected Tycho reference star.

achieve a good photometry quality, the size of the aperture is
adjusted according to the FWHM of the point-spread function
(PSF) in each image by Raperture = 1.5 + 1.2 x FWHM.

4. Period Determination

Before we start to determine the period of light variation, the
original photometric data from differential photometry are
processed further. First, the outlying points are removed using
the locally weighted linear regression, with its most common
method known as locally estimated scatterplot smoothing
(LOESS). The weight function used for LOESS is the Gaussian
function: w(x, z) = exp(—(x — z)*> /2x?%), where we adopted
k = 4.5 with eye-check after trying the value in the range of
[0.01,10]. The points lying more than 30 away from the locally
fitting line are removed. Then, the moving-average filter was
used to smooth the light curve, in which a window of nine days
is taken. Figure 10 illustrates an example showing the two
processes and the resulting light curve for period determination.
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Figure 10. Data preprocessing. The top panel shows the original data, and the red line shows the fitting curve using locally weighted linear regression. The middle
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filter.

Table 3
The Parameters Used for the Period Determination

Input Parameters GLS DFT WwWwzZ PDM
Minimum period 10 10 10 10
Maximum period 3500 3500 3500
Period step 0.01 0.01 0.50
Time-shift step 20
Frequency sampling 0.5714
Software VARTOOLS VARTOOLS VARTOOLS PyAstronomy

For the period determination of nonuniformly sampled data
as the present case, no single algorithm is fully suitable. It is
necessary to use various methods to cross-check the existence
of periodicity. The popular methods for the determining period
are the Phase Dispersion Minimization (PDM; Stelling-
werf 1978) algorithm based on the time domain, the General-
ized Lomb-Scargle periodogram (GLS; Zechmeister &
Kurster 2009) algorithm based on the frequency domain, the
Weighted Wavelet Z-transform (WWZ; Foster 1996) algorithm
based on the time-frequency, and the discrete Fourier transform
(DFT) based on frequency domain. All these four methods are
applied to the light curves of the RSGs in M33 and M31.

The PDM method looks for the period that brings about the
minimum phase dispersion designated by © in a number of trial
periods. The GLS method is an improvement on the traditional
Lomb-Scargle (LS; Lomb 1976; Scargle 1982) method. The
main improvement is that the GLS algorithm uses the sine
function of the addition constant C to fit the time-series data
and each -calculation takes into account the effect of
observation error w. Therefore, the period estimation accuracy
of the GLS algorithm is better than that of the LS algorithm.
The WWZ method is a period determination algorithm based
on wavelet analysis and vector projection that are very suitable
for the analysis of nonstationary signals and has advantages in
the analysis of time-frequency local characteristics. The DFT
method is a classical period determination algorithm based on
Fourier transform.

We use the GLS, DFT, and WWZ methods from the
astronomical time series analysis program (VARTOOLS;
Hartman & Bakos 2016) and PDM (Stellingwerf 1978) method
from PyAstronomy for the period determination. The para-
meters used in the methods are shown in Table 3 in detail. The
final selection of the period depends on the goodness of fitting
the light curve. A period is assigned to an object with semi-
regular variation only when it is detected by at least two
methods whose difference in period is usually (>70%) less
than 40 days while up to 50-90 days in a few cases. The period
is searched continuously in the power spectrum of the residual
data after subtracting the light variation with the most
prominent period until the local signal-to-noise ratio of the
power spectrum is less than 4. Figure 11 shows an example of
period determination, where both the PDM and GLS methods
find a period at ~347 days, and the WWZ method also
confirms that this period is present in most of the observational
time. Based on the period and the regularity of light variation,
these RSGs are classified into five categories:

1. Semi-regular variables, marked as S, which definitely
have a period and are used for the follow-up analysis of
the P-L relations. There are 84 (56) sources in
M33 (M31).

2. LSP variables, marked as L, which show evidence of LSP
while the LSP cannot be determined accurately due to the
limited time span of the iPTF data (~2000 days). There
are 48 (13) sources in M33 (M31).
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Figure 11. Example of the period determination from the light curve of an RSG with semi-regular variation. The left top panel is the light curve (black dots with an
error bar) and the fitting result (red line). The results of the PDM (©—P, red line) and GLS (Power—P, black line) analysis are shown in the top right panel. The result
from WWZ is shown in the bottom panels, where the right shows the WWZ map and the left shows the period against time.
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Figure 12. Three categories of light curve. From top to bottom are the irregular, long secondary period, and semi-regular variables.

3. Irregular variables, marked as I, which have small
amplitudes and too complex variation to show any
periodicity. There are 14 (21) sources in M33 (M31).

4. Undefined classes, marked as U, which lack enough
observational data to determine its variability. There are
86 (18) sources in M33 (M31).
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5. No significant variables, marked as N, which have no
significant variation. There are 426 (269) sources in
M33 (M31).

The light curves of the examples of the first three types are
shown in Figure 12.



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 241:35 (20pp), 2019 April

M33 1D : 10 J013227.634-303336.5

P = 172.29 day Point = 653 ARmag = 0.122 mag

R - Rref (mag)

55250 55500 56000 56250

Time (days)

55750 56500 56750

57000

Ren et al.

M33 ID : 25 J013231.914-302329.1

P = 295.26 day Point = 701 ARmag = 0.190 mag

55250 55500 56000 56250 57000

Time (days)

55750 56500 56750

Figure 13. Light curve of RSGs with Semi-Regular Variation in M33. (An extended version of this figure is available.)

The light curves with the fitting of all stars are displayed in
Figures 13 and 14, and the properties of variation and
photometric results are included in Tables 4 and 5.

In addition, three stars exhibit very regular light variation,
which are J004115.354+405025.2 and J004415.42+-413409.5
in M31 and J013237.474301833.9 in M33. Among them,
J004115.35+405025.2 and J004415.424+413409.5 are also
studied by Soraisam et al. (2018). These sources have relatively
short period (96.5, 76.5, and 146.5 days, respectively). The
spectral types are identified as K1 for J004115.354+405025.2,
K2 for J004415.42+413409.5, and RSG for J004415.42
+413409.5 (Massey & Evans 2016). As discussed previously,
the luminosity of these stars indicates that they are supergiants,
which means that some RSGs may have regular variation. The
next section will show that these stars very possibly pulsate in
the first overtone mode. These three RSGs are plotted in the H-
R diagram in Figure 15. It can be seen that RSG J013237.47
+301833.9 in M33 lies in the instability strip (IS), while
J004115.35+405025.2 and J004415.42+413409.5 in M31 are
very close to the IS. Moreover, these stars are at the faint end of
the RSGs, which implies relatively low masses. We may say
that these regular variables are RSGs with relatively low
masses and relatively high temperatures. On the other hand,
there are some other sources also in the IS, and they are not
regular variables but are semi-regular variables. The YSG is
known to be a kind of Cepheid; meanwhile, RSGs and YSGs as
are hard to distinguish near the blue limit of RSGs as the three
regular variables are. It can be concluded that Some RSGs with
early K spectral types may lie in the IS and have very regular
variations.

5. P-L Relation

The P-L relation is derived for the bands with photometric
data available, from the optical V band through 2MASS near-
infrared JHKs bands to the Spitzer/IRAC and Spitzer/MIPS
bands. As mentioned earlier, we only adopted the RSGs that
show semi-regular variation and whose periods are found by at
least two methods.

The observational results are compared with the model by
Guo & Li (2002) in Figures 16 and 17. The absolute magnitude
in the Kg band of the model is obtained from the absolute
bolometric luminosity with the help of the bolometric
correction in the Kg band by Josselin et al. (2000). Although
the models are not perfectly matched with the observation, two
sequences are clear in that most of the stars follow the sequence
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of the fundamental-mode pulsation and a few stars are closer to
the first overtone pulsation mode. The three regular variables
are all located close to the first overtone model. Because the
pulsations of the fundamental and first overtone modes follow
different P-L relations, they must be separated to study this
relation. We identify 19 stars in M33 and 7 stars in M31
pulsating in the first overtone mode, and their P-L relation is
not analyzed due to too few stars. Nevertheless, there is no
clear indication of a P-L relation for them. The P-L relation of
the 65 RSGs in M33 and 49 RSGs in M31 that pulsate in the
fundamental mode is then analyzed.

In principle, the brightness should be the mean magnitude
when the P-L relation is dealt with. However, the brightness in
the V band is taken from the single measurement by LGGS.
Since the amplitude of variation in the V band is ~1 mag, this
can cause some dispersion in the P-L relation in the V band.
Although the brightness in the infrared bands is also taken from
the single measurement, the small amplitude of variation makes
the single measurement approximate to the mean brightness
and does not bring significant scatter in the P—L relation.

Following the convention, a linear function is taken to fit the
relation between the absolute magnitude and log P. The results
are dis