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ABSTRACT

The photometric properties of red supergiants (RSGs) in three nearby galaxies NGC 4449,
NGC 5055 and NGC 5457 were investigated using near-infrared (JHK) imaging data obtained
from WFCAM UKIRT. The resulting near-infrared photometric catalogue was combined with
optical archive data to remove foreground Galactic stars. We found that the foreground stars
can be separated from the supergiants in a (i — K, r — i) colour—colour diagram. The (J — K,
K)o colour—magnitude diagrams of the three galaxies are investigated and compared with
theoretical isochrones. The majority of RSGs in the three galaxies have common age ranges
from log () = 6.9 to log (#,,) = 7.3, and this indicates that these galaxies have experienced
recent star formation within 20 Myr. For NGC 4449 and NGC 5457, the RSGs are spatially
correlated with the H 1 regions, which, however, is not the case for NGC 5055. We were not
able to identify a clear metallicity dependence on the colours and the peak absolute magnitudes
of the RSGs in the three galaxies. The inaccuracy of our photometric data contributes to the
unclear metallicity effect on the colours of RSGs. Instead, we found a similar colour distribution
and a constant peak magnitude of Mx = —11.9 for the RSGs in the three galaxies. Therefore,
we note that additional spectroscopy data for our RSG candidates, including photometry, are
necessary to examine whether the RSG population changes with metallicity.

Key words: stars: massive—supergiants — galaxies: photometry — galaxies: stellar content—
infrared: stars.

1992; Charbonnel et al. 1993; Meynet & Maeder 2005; Drout,

1 INTRODUCTION Massey & Meynet 2012). In particular, these physical processes de-

Nearby galaxies are ideal objects for studying the mechanisms of
galaxy formation and evolution. Their close distances enable indi-
vidual stars to be resolved in the galaxies, from which the properties
of various stellar populations in the galaxies can be investigated. The
resolved stellar populations and their spatial distribution provide
clues to past galaxy formation history, such as star formation his-
tory, stellar substructures (which indicate past merging or accretion
events) and effects caused by the environment.

Among the resolved stellar populations in nearby galaxies, mas-
sive stars are useful and important sources for investigating the
structures and formation of nearby galaxies. Their high masses
produce high luminosity; hence, they are easily resolved in the
distant galaxies. Therefore, a large sample of massive stars in
galaxies provides an excellent test bed to confirm the variation
of the stellar evolutionary theory resulting from several physical
processes (e.g. mass loss, core overshooting and initial rotation),
which determine the evolution of massive stars (Schaller et al.
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pend on the stars’ initial metallicity (Humphreys 1979; Elias, Fro-
gel & Humphreys 1985; Maeder & Meynet 2001; Vink, de Koter &
Lamers 2001); thus, it is important to gather the contents of mas-
sive stars for a number of galaxies spanning various metallicities
to understand how the processes change according to the chemical
abundances of stars. The massive stars also provide an opportunity
to investigate the overall evolution and formation of the galaxies
themselves. They are mostly younger than ~100 Myr and are asso-
ciated with a star-formation region; thus, the recent star-formation
history and initial mass function in galaxies can be explored. In
addition, the massive stars contribute to the chemical enrichment
of galaxies through very significant mass loss during their lifetime
and supernovae at the end of life (Maeder 1981; Massey 2013). The
exact mechanism of mass loss and supernova formation is still un-
clear. Thus, more sophisticated studies of massive stars are critical
for understanding the chemical enrichment of galaxies as well as
the mechanism for mass loss and supernova formation of massive
stars.

In this study, we focus on the red supergiant stars (RSGs) among
the massive stellar populations in nearby galaxies. Moderately mas-
sive stars with initial masses of between 9 M and 25 M, evolve
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to the RSG stage in which the core is burning helium. The RSGs
are an excellent sample for testing evolutionary theory in the last
stage of massive stars because of their unique physical properties
and high luminosities. These stars have low effective temperatures
(Ter < 4800 K) and very large physical sizes due to the signifi-
cant expansion of their atmosphere. The resulting low surface grav-
ity produces a huge mass loss between 1078 and 10™* Mg yr™'
(Massey et al. 2005; Verhoelst et al. 2009; Sargent, Srinivasan &
Meixner 2011), which determines their final evolution.

The disagreement between the observational results of RSGs
and the predictions of evolutionary theory has been an ongo-
ing challenge in understanding the physical properties of RSGs.
Massey & Olsen (2003) and Massey (2003) noted that the effective
temperatures and luminosities of RSGs in the Hertzsprung—Russell
(H-R) diagram are much cooler and more luminous than evolution-
ary models predict. This disagreement was initially expected to be a
limitation of the models because the RSG atmospheres are too com-
plex and uncertain to be reproduced in theory. However, Levesque
et al. (2005) found that the real problem was in the temperature and
luminosities inferred from observations. They derived new effec-
tive temperatures and luminosities of the Galactic RSGs by fitting
moderate-resolution spectrophotometry with the new generation of
the MARCS model (Plez 2003; Gustafsson et al. 2003, 2008), and
found that the location of RSGs in the H-R diagram was consistent
with the evolutionary tracks. The new generation of the MARCS
model updated the treatment of the opacity of molecular bands (e.g.
TiO), and thus, was able to provide much more accurate effective
temperatures for RSGs. However, there is still a possibility that
the temperature induced by the TiO lines is unreliable (Levesque
et al. 2006). Indeed, a recent study of RSGs in the Magellanic
Clouds (Davies et al. 2013) suggests that temperatures from TiO
lines are systematically lower than those obtained from the line-free
continuum region of spectral energy distributions (SEDs) or the flux
integration method. They also noted that the SEDs fitted to TiO lines
overpredict the flux in the near-infrared, and finally concluded that
TiO lines are not a good indicator of the effective temperatures of
RSGs and that the SED method provides better results.

Since the work of Levesque et al. (2005), similar studies of RSGs
have been executed in extragalactic galaxies (Levesque et al. 2006;
Massey et al. 2009; Drout et al. 2012), and agreement between ob-
servations and theory in the H-R diagram has been found. However,
previous studies of RSGs in extragalactic galaxies were limited to
the Magellanic Clouds and M31 or M33, and the temperature in-
ferred by TiO lines still has uncertainty. Thus, obtaining more com-
plete statistics for the RSGs in nearby galaxies with a wide range
of metallicities is critical for examining the physical properties of
RSGs. As a first step in the extragalactic research of new RSGs, we
select the RSGs in three nearby galaxies NGC 4449, NGC 5055 and
NGC 5457. Section 2 introduces the data observations, reduction
and photometry. The identification of RSGs in the three galaxies and
photometric properties are discussed in Section 3. In Section 4, we
compare the colour—magnitude diagrams (CMDs) of the identified
RSGs with the theoretical isochrones and investigate their spatial
distributions. A summary of the results is given in Section 5.

1.1 NGC 4449

NGC 4449 is at adistance of 3.82 4= 0.18 Mpc (Annibali et al. 2008),
and its stellar mass is analogous to that of the Large Magellanic
Cloud (LMC). The high Galactic latitude (b ~ 70°) of NGC 4449
provides a low foreground extinction and a colour excess of only
EB — V) = 0.019 (Schlafly & Finkbeiner 2011). Its abundance
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of 12 + log(O/H) =~ 8.31 (Talent 1980; Hunter, Gallagher &
Rautenkranz 1982; Martin 1997) indicates that the metallicity of
this galaxy is comparable to that of the LMC, but its star-formation
rate (SFR) is higher. Thronson et al. (1987) estimated the current
SER of ~1.5 Mg yr~!, which makes it one of the strongest star-
bursts in the nearby Universe. It is notable that NGC 4449 has
undergone an external perturbation through substantial interaction
with other galaxies. An extended H1 halo and ionized gas with
complex morphologies, such as filaments and bubbles, were found
around NGC 4449 (Hunter & Gallagher 1997; Hunter et al. 1998).
The peculiar kinematics of Hu regions within the galaxy (Hart-
mann, Geller & Huchra 1986) also suggests the possibility of an
interaction with other galaxies. Indeed, Annibali et al. (2012) dis-
covered a high massive globular cluster with a flattened shape and
tidal tails, suggesting that it could be the nucleus of a satellite
galaxy disrupted by NGC 4449. In addition, after Karachentsev,
Karachentseva & Huchtmeier (2007) first detected the faint stellar
stream around NGC 4449, Martinez-Delgado et al. (2012) analysed
the red giant branch stars in this stream and discussed the merging
of a satellite dwarf galaxy. A detailed study of this galaxy is essen-
tial for understanding the possible association between the merging
process and a high SFR.

1.2 NGC 5055 (M63)

NGC 5055 is a relatively isolated flocculent spiral galaxy whose
distance is in the range from 7.2 to 10.1 Mpc according to previous
studies (Pierce 1994; Leroy et al. 2009). In this study, we adopted
the distance of 7.9 Mpc given by Tully et al. (2009). A low ex-
tinction value of E(B — V) = 0.016 was provided by Schlafly &
Finkbeiner (2011). The study of oxygen abundance in H nregions by
Pilyugin & Thuan (2005) gives 12 + log (O/H) =~ 8.59 £ 0.07 for
this galaxy. NGC 5055 also has ongoing accretion features, such as
ahotdisc, warps and a stellar tidal stream, around the halo. Battaglia
etal. (2006) revealed that the H 1 gaseous disc is warped and extends
out to 40 kpc from the centre. A heated disc (XUV disc) was found
in the outskirts of NGC 5055 (Thilker et al. 2007). A stellar stream
with low surface brightness was detected by van der Kruit (1979),
and using its arc-like structure, Chonis et al. (2011) suggested that
this stream originated from an accreted satellite galaxy.

1.3 NGC 5457 (M101)

NGC 5457 is a well-studied face-on spiral galaxy. As it is located
at a high galactic latitude (b ~ 60°), the foreground extinction is
E(B — V)=~ 0.017 (Schlafly & Finkbeiner 2011). This is sufficiently
small to provide an excellent opportunity to study its massive stars.
However, its physical distance remains uncertain with a large range
of (m — M)y = 29.04 — 29.71 (Shappee & Stanek 2011; Math-
eson et al. 2012; Vinké et al. 2012). In this study, we assumed
that the distance to the galaxy is (m — M), = 29.045, as given by
Shappee & Stanek (2011). Although several studies indicated a
metallicity gradient in the disc (Searle 1971; Sedwick & Aller 1981;
Garnett & Kennicutt 1994), the oxygen abundance in the central
region is 12 + log (O/H) =~ 8.76 (Kennicutt, Bresolin & Gar-
nett 2003). Like NGC 5055, the complicated arm structure and
highly asymmetric disc morphology suggest previous accretion
or interactions with other galaxies (Waller et al. 1997). An ex-
tended and distorted H1 disc (van der Hulst & Sancisi 1988; Walter
et al. 2008) and extended UV emission in the outer disc (Thilker
et al. 2007) also support recent accretion and interaction.
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Table 1. Observational log.

Table 2. Supplementary archive imaging data used in this study.

Galaxy Filter Exposure time (FWHM) Galaxy Telescope Filter Exposure time FWHM
(N x micro-step x dither x seconds) (arcsec) (arcsec)
NGC 4449 J 2x4x5x%x20s 0.84 NGC 4449 Subaru v 10s,5x45s 0.52
H 2x9x5x%x20s 0.85 i 10s,5x45s 0.50
K 2x9x5x%x20s 0.84 NGC 5055 R 4x60s,12x 180s 0.80
NGC 5055 J 2x4x5x%x20s 0.96 1 4 x60s,4x240s 0.58
H 2x9x5x%x20s 0.92 NGC 5457 CFHT v 2000 s 0.76
K 2x9x5x%x20s 0.96 i 3690 s 0.75
NGC 5457 J 2x4x5x%x20s 0.72
H 2x9x5x20s 0.53 camera 3 were combined into a single catalogue in which we
K 2x9%x5x%x20s 0.87

2 OBSERVATION, DATA REDUCTION AND
PHOTOMETRY

2.1 Near-infrared imaging data of UKIRT

Near-infrared JHK imaging data of the three galaxies were obtained
from the WFCAM detector mounted on the UKIRT telescope in
Hawaii during the nights of 2013 April. The WFCAM camera con-
sists of four 2048 x 2048 Rockwell Hawaii-II (HgCdTe) arrays
with a 12.83 arcmin gap between the arrays. One camera provides
a field of view of 13.65 x 13.65 arcmin with a spatial resolution
of 0.4 arcsec pix !, and the four tiles observation provides a con-
tinuous sky of 0.75 square degrees. The galaxies were alternately
observed on cameras 2 and 3 of the WFCAM arrays, and the corre-
sponding camera on which the galaxies were not placed was used
as a blank sky field to correct for thermal background emission.
A five-point dithering observation with an individual exposure of
20 s was used, and given one dithered position, a micro-stepping
observation (2 x 2 for J and 3 x 3 for HK) was applied to obtain
well-sampled stars. Table 1 presents the observational log for the
target galaxies.

The standard data reduction processes (dark subtraction, flat-
fielding and crosstalk removing) were done by the pipeline of the
Cambridge Astronomy Survey Unit (CASU). We made the blank
sky images by median-combining the CASU-processed images of
the sky field and subtracted them from all target images. The resid-
ual background level was also subtracted. All sky-subtracted images
of galaxies in camera 2 and camera 3 were separately combined into
two single images using the swarp program (Bertin et al. 2002). In
addition, we combined adjacent camera images into separate single
images, which acted as a control field in estimating the contam-
ination of field stars and background galaxies in the target field
(see Section 3). The average seeing condition in the final images
is between 0.8 and 1.0 arcsec, and these values are summarized in
Table 1.

The point spread function (PSF) fitting routine of pAoPHOT
1/ALLSTAR (Stetson 1987; Stetson & Harris 1988) was applied to
measure the instrumental magnitude of stars in the three galax-
ies. We selected 30-50 bright and isolated stars for each galaxy
to construct the PSF, and its quality was improved by removing
neighbouring stars around the PSF stars and reconstructing the PSF
iteratively. The equatorial coordinates of the stars on the detector
were calculated using the reference stars of the 2MASS point-
source catalogue. We transformed the instrumental magnitudes
into the 2MASS filter system using the colour term between the
WFCAM and 2MASS systems (Dye et al. 2006) and then calibrated
the photometric zero levels with respect to the 2MASS catalogue.
The calibrated stellar magnitudes of each galaxy in camera 2 and

adopted the weighted mean magnitude for the duplicated stars.
Finally, we resolved 2859 stars for NGC 4449, 1876 stars for
NGC 5055 and 3850 stars for NGC 5457. Then, we estimated
the completeness fraction in the final photometric measurements by
performing artificial star experiments. For the sources of NGC 4449,
we note that stars with K = 19.5 have ~80 per cent completeness.
For the stars of the distant galaxies (NGC 5055 and NGC 5457), the
~70 per cent completeness encounters near K = 19.4 (NGC 5055)
and 19.0 (NGC 5457) across the galaxies.

2.2 Supplementary optical imaging data from archives

We searched optical imaging data of our galaxies from several public
archives to remove the foreground Galactic stars and background
distant galaxies in our galaxy field (see Section 3). In this section,
we summarize the basic information of the archive data we used,
the reduction process and photometry.

We used ri-band and RI-band Suprime-Cam images from the
Subaru archive (SMOKA; Baba et al. 2002) for NGC 4449 and
NGC 5055, respectively. The raw images and associated calibration
images were obtained and then reduced using the Suprime-Cam
Deep Field Reduction package 2 (spFren2). For NGC 5457, the pre-
processed ri-band images of the Canada-France-Hawaii Telescope
Legacy Survey (CFHTLS) were used. The seeing conditions of the
archive images are between 0.5 and 0.8 arcsec, and an overview of
the archive data we used is provided in Table 2. The PSF photom-
etry for all archive images was done using the DAOPHOT 1I/ALLSTAR
program (Stetson 1987; Stetson & Harris 1988). The instrumen-
tal magnitudes of NGC 4449 and NGC 5055 were then calibrated
into a standard system using the SDSS catalogue. We note that
the RI magnitude of NGC 5055 was first transformed into a ri
band of the SDSS system based on the empirical relations of Jordi,
Grebel & Ammon (2006). The APASS DR 8 star catalogue was
used to calibrate the magnitude of NGC 5457. Finally, the photo-
metric measurements in the overlapped region of our UKIRT field
area were used in the following analysis.

3 COLOUR-MAGNITUDE DIAGRAM AND
IDENTIFICATION OF SUPERGIANT STARS

The (J/ — K, K) CMDs of the resolved stars in the three galaxies
are compared in Fig. 1. We also present the CMDs of the stars in
the control fields to evaluate the contamination by the field stars
and background galaxies in the galaxy field. In the CMDs of the
galaxies, the most prominent component is the RSG population in
the colour range 0.9 < (J — K) < 1.5, while this population almost
disappears in the CMDs of the control field. It is also apparent that
there is a population of stars that form a vertical sequence near
(J — K) ~ 0.9. These stellar objects are most likely foreground
Galactic dwarfs, and they are more distinct in the CMDs of the
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Figure 1. (J — K, K) colour—magnitude diagram for the three galaxies (upper panels) and control fields (lower panels). The selected supergiant candidates are

plotted as red dots in the upper panels.

control fields. In addition, another population with a broad colour
distribution appears in the red-coloured region, i.e. (/ — K) > 1.5.
This group is a composition of distant background galaxies, and the
CMDs of the control field clearly better define this population. The
bright asymptotic giant branch (AGB) stars are also shown in the
CMD of NGC 4449.

The separation of RSGs from foreground stars has been a
primary issue in the study of supergiants. As clearly shown in
Fig. 1, the RSG populations in the three galaxies are significantly

contaminated by the foreground dwarf stars, background galaxies
and even bright AGB stars. Therefore, an accurate identification
of the RSG population is essential. Massey (1998) used a (B — V,,
V — R) colour—colour diagram to distinguish RSGs from the fore-
ground stars, as the (B — V) colour is a sensitive indicator of the
surface gravity at low effective temperature, while the (V — R) colour
reflects the effective temperature. In the (B — V, V — R) colour—
colour diagram, supergiant stars have a larger (B — V) colour at a
given (V — R) than that of foreground dwarf stars. Several recent
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Figure 2. Expected (i — K, r — i) colour—colour distribution of RSGs
(log g ~ 0.0) and foreground dwarfs (log g ~ 4.5). The MARCS model with
several temperature ranges (3400-4250 K) and two metallicities ([Fe/H]
= —0.5, 0.0) was used to derive the expected colours. The temperature
increases by 100 K to 4000 K, and then by 250 K.

studies (Massey et al. 2009; Drout et al. 2012) of supergiants of
the galaxies in the Local Group also identified the RSGs from the
foreground dwarfs using the (B — V, V — R) colour—colour diagram.
We also followed the strategy used in previous studies and exam-
ined the colour—colour diagram. In this study, however, we used the
(r — i, i — K) diagram. We first inspect the expected colour values of
foreground dwarf and supergiants stars in the (r — i, i — K) diagram
using the MARCS model with a temperature range of 34004250 K,
with log g values of 4.5 (dwarf) and 0.0 (RSGs), and with two metal-
licities ([Fe/H] = —0.5 and 0.0) in Fig. 2. The response functions
of the 2MASS system (Cohen, Wheaton & Megeath 2003) and
SDSS system (Doi et al. 2010), and the photometric zero-points re-
ported by Casagrande & VandenBerg (2014) were used in the colour
computation.

As shown in Fig. 2, although the deviation in colours between
the two populations decreases as the colour decreases, it is apparent
that RSGs are decontaminated from the foreground dwarfs in the
red region of the (r — i, i — K) diagram. Thus, we combined and
cross-matched our photometry data with the photometric catalogue
of supplementary optical imaging data, as explained in Section 2.
Then, we excluded the stellar objects for which the measurement
errors in the optical and near-infrared bands exceed 0.1 mag. We
also rejected the stars with x > 2.0 and [SHARP| > 2.0 given by
ALLSTAR, and thus, we were able to remove the objects near the faint
limit of the data. Finally, we obtained 2117 stars for NGC 4449,
1126 stars for NGC 5055 and 1886 stars for NGC 5457 in the
near-infrared and optical data.

The left-hand panel of Fig. 3 shows the (r — i, i — K) colour—
colour diagram for the resolved stars in NGC 4449. The distribution
of stars in NGC 4449 in the colour—colour diagram shows two
distinct stellar groups, and this is almost the same as shown in Fig. 2.
The reddening vector is almost parallel to the stellar distribution,

and thus, it does not significantly affect the distribution of the stars
on the colour—colour diagram, given the low E(B — V) of ~0.2
for the three galaxies. We found that foreground dwarf stars form
a thin stream with a larger value in (» — i) at a given (i — K),
while supergiant stars show a broad distribution of colours due to
the photometric error and the mix of AGB stars and background
galaxies. The solid line in the left-hand panel of Fig. 3 is a cut-off
between supergiant stars and foreground dwarfs. We selected the
stars below the cut-off line as preliminary supergiant candidates.
We note that, as shown in Fig. 2, the separation between foreground
dwarfs and supergiants in (i — K) < 2.1 and (r — i) < 0.4 of the
(i — K, r — i) colour—colour diagram is not obvious. Thus, we just
filtered the stars with (i — K) < 2.1 from the supergiant candidates
to reduce contamination. The cut-off lines between supergiants and
dwarfs for the other two galaxies are like that of NGC 4449.

Although we sorted the foreground dwarfs using the (r — i, i — K)
colour—colour diagram, there are still distant background galaxies in
the sample of pre-selected supergiant stars. We examined colour—
colour diagrams using various filter combinations to filter out the
background galaxies and found that in (r — H) — (H — K) and
(r — K) colour—colour diagrams, most supergiant candidates show
a one-dimensional distribution, while the galaxies deviate from the
linear distribution. The right-hand panel of Fig. 3 shows the stellar
distributions of NGC 4449 in the (r — H) — (H — K) and (r — K)
colour—colour diagram, and we note here that the colour—colour
diagrams of the remaining two galaxies also showed a similar ten-
dency. The linear fit to the supergiant candidates is described by
a solid line, and the absolute differences (Ad) of the points from
this fit were calculated. For the three galaxies, we selected the stars
with Ad < 1.0 ~ 20, where o is the standard deviation of the abso-
lute difference. We were able to select 1053 supergiants (including
bright AGBs) for NGC 4449, 354 supergiants for NGC 5055 and
941 supergiants for NGC 5457. Finally, we estimated the resid-
ual contamination rate in our selected supergiants by comparing
the number densities of supergiants and control field stars on the
(J — K, K) CMDs. The number densities of supergiants and con-
trol field stars on the CMDs are measured in various colour and
magnitude bins. If we assume that the stars in the area where the
number densities of control field stars are larger than those of su-
pergiants on CMDs that are contaminated by foreground dwarfs
or distant galaxies, the numbers of contaminated stars in our sam-
ple of selected supergiants are 91 (~9 per cent) for NGC 4449, 20
(~6per cent) for NGC 5055 and 31 (~3 per cent) for NGC 5457.

The selected supergiants are superimposed in the (J — K, K)
CMDs of Fig. 1. Some supergiants in the transition phase from the
blue region to the RSG stage or from the RSG to the blue side
appear in the blue-coloured region of the CMDs. However, we also
caution that these stars are probably foreground dwarf stars because
they are placed on the branch of foreground dwarf stars on the
(J — K, K) CMDs. Thus, we classified the stars with (J — K) < 0.9
as possible RSGs among the identified RSG candidates. The stars
redder than (J/ — K) = 1.3 are expected to have a substantial amount
of dust, and hence the adopted reddening values in this study may be
underestimated. Therefore, we also classified these stars as possible
RSG candidates.

4 DISCUSSION

We identified the RSG candidates for the three galaxies by exam-
ining the observed and theoretical (r — i, i — K) colour—colour
diagrams. In this section, we compare the locations of RSG can-
didates of the three galaxies in the (J — K, K)o CMDs with the
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Figure 3. Left: (i — K, r — i) colour—colour diagram for the resolved stars in NGC 4449. The solid line is an adopted dividing line to separate foreground
dwarfs and RSGs. Stars with larger (r — i) values at a given (i — K) are foreground dwarf stars. The reddening vector is indicated by the arrow. Right:
(r — H) — (H — K) and (r — K) colour—colour diagram for the pre-selected supergiant stars in NGC 4449. The solid line indicates a one-dimensional linear fit
to the supergiants. The red dots are excluded as background galaxies and a few outliers from the selection criteria.

theoretical isochrones of PARSEC (Bressan et al. 2012, 2013).
When we compare the identified RSGs and theoretical isochrones,
the Galactic extinction and additional extinction around RSGs are
corrected because the RSGs produce significant dust through their
winds. We adopted average reddening values obtained from the
Hu region of each galaxy, since several studies (Drout et al. 2012;
Neugent et al. 2012) adopted the reddening values for the RSGs
from early-type stars. Indeed, the RSGs show a spatial correlation
with the Hn region in our analysis. Thus, the adopted additional
reddening values are E(B — V) = 0.18, 0.26 and 0.23 for NGC 4449
(Hill et al. 1998), NGC 5055 (Rozas 2008) and NGC 5457 (Rosa &
Benvenuti 1994), respectively. We also examine the spatial distri-
butions of the selected RSGs with the Ho image to investigate the
spatial correlation between the sky position of RSGs and H1 re-
gions. The H 11 regions in the galaxies are highly related with recent
star formation, but the formation history in each H1 region is com-
plex and variable. Thus, we compare the CMDs of RSGs within the
Hu regions, even though the Ha emission traces the most recent
(<10 Myr) star formation.

4.1 NGC 4449

The (J — K, K)o CMD of RSGs in NGC 4449 is shown in the
top-left panel of Fig. 4. We present the genuine RSGs and pos-
sible RSGs as black and blue dots, respectively. The theoretical
isochrones with Z = 0.006 and several ages of log (¢,,) = 6.9, 7.1,
7.3, 7.5 and 8.0 were used to compare the location of the stars.
In the faint magnitudes, the bright AGB stars older than 100 Myr
were resolved in our observation and compared with the isochrone
with an age of log (t,,) = 8.0. The peak magnitude of the isochrone
with log (#,,) = 8.0 is about Ky = 18.94 (M ~ —8.9), and thus, we
assigned the stars below this magnitude as AGBs and they are indi-
cated as grey points in Fig. 4. We note that our boundary magnitude

between RSGs and AGBs is comparable to that of Davidge (2010)
in their study of NGC 253. It is apparent that the isochrones with
metallicity Z = 0.006 give a good match to the genuine RSGs in
NGC 4449. The majority of RSGs in the galaxy are broadly dis-
tributed between the isochrones with age range log (¢,,) =6.9-7.5,
and this indicates that NGC 4449 experienced star formation as
recently as 30 Myr ago. However, some RSGs are older than
log (ty-) = 7.5, and thus, the upper age limit of RSGs in NGC 4449
seem to be about log (#,,) = 8.0 (~100 Myr). There are some stars
younger than log (t,,) = 6.9 in the brightest magnitude.

The sky positions of RSG candidates along with an Ho image are
shown in the top-right panel of Fig. 4. We used the FO58N (He) of
an HST/ACS image obtained by Annibali et al. (2008), who found
that young stars of NGC 4449 between 10 and 100 Myr old are dis-
tributed along the S-shaped structure centred on the galaxy nucleus.
We also found similar features in the spatial distribution of detected
RSGs. Although the RSGs broadly spread out to the outskirts of
the Hu disc, they show a distorted shape and extended structure
in the north—south direction. In particular, RSGs appear in clump
structures around the H 1 regions, showing a correlation with the
Huregions. As Annibali et al. (2008) suggested, this structure could
be a bar, which is a common feature among Magellanic irregular
galaxies.

From the spatial distribution of RSGs, we found the spatial cor-
relation between the RSGs and the H 1 regions. Four H 1 regions,
0.5 arcmin in radius, were selected (A, B, C and D in the Ho im-
age), and the CMD of each region is plotted in the bottom panel
of Fig. 4. We note that the genuine RSGs are used in the bottom
panel of Fig. 4. The isochrones from the top-left panel are super-
imposed. Although the four regions commonly have RSGs in the
age range between log (#,,) = 6.9 and 7.5, the most luminous parts
in the CMDs are different. It is notable that the C and D regions
have several luminous RSGs, whose ages are about log (t,,) = 6.9,
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Figure 4. Top left: (J — K, K)o CMD of the RSGs in NGC 4449. Blacks dots indicate the selected genuine RSGs in Section 3, blue points are possible RSGs
and grey points represent the AGBs in NGC 4449. The theoretical isochrones with ages of log = 6.9, 7.1, 7.3, 7.5 and 8.0 are shown as solid lines with different
colours. Top right: Spatial distribution of the RSGs (blue dots) of NGC 4449 over an ACS-F658N (He) image in a grey-scale. Four H regions (A, B, C and
D), 0.5 arcmin in radius, are indicated. Bottom: (J — K, K)o CMDs of RSGs in the four H i1 regions shown in the Ho image. The possible RSG candidates are
not included in the lower panels. The label in each panel corresponds to the selected H 11 region. The theoretical isochrones are the same as those of the top-left

panel.

while stars younger than log (¢,,) = 6.9 do not appear in the A and B the genuine RSGs. The isochrones with ages of log (t,,) = 6.9-7.3
regions. Therefore, the H 11 regions (C and D) of the galaxy nucleus match well with the main sequence of the RSGs of NGC 5055,
are likely to have more luminous and young massive RSGs than indicating that there has been recent star formation within 20 Myr.
in the outskirts (A and B) of the galaxy, indicating that recent star Although rejecting stars with larger photometric errors and x and
formation is not uniform over NGC 4449. SHARP values results in a small number of stars at the faint magni-

tude, the 50 per cent completeness limit still indicates the possibility
that several RSGs older than log (¢,,) = 7.3 are not detected in our

4.2 NGC 5055 (M63) observation. The most luminous stars (K, = 17.5-17.6) are younger

We plotted the (J — K, K)o CMD of RSGs in NGC 5055 with the- than log (t,,) = 6.9.
oretical isochrones with Z = 0.008 and ages of log (1,,) = 6.9, 7.1 The top-right panel of Fig. 5 shows the spatial distribution of
and 7.3 in the top-left panel of Fig. 5. The possible RSGs are repre- RSGs. We adopted the He image from the Local Volume Legacy

sented by blue dots, and they are placed on the blue and red side of (Kennicutt et al. 2008; Dale et al. 2009) and explored the spatial
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Figure 5. Top left: (/ — K, K)o CMD of the RSGs in NGC 5055. The black and blue dots represent the genuine RSGs and possible RSG candidates,
respectively. We compared the distribution of RSGs in the CMD with the theoretical isochrones of Z = 0.008 and several ages, which are indicated by solid
lines with different colours. The dotted line indicates the 50 per cent completeness limit in the K magnitude. Top right: Spatial distribution of RSGs in NGC 5055
compared with an Ho image. Four H 1 regions (A, B, C and D), 1.0 arcmin in radius, are indicated. Bottom: (J — K, K)o CMDs of RSGs in the four regions
shown in the Ho image. The label in each panel corresponds to the selected H 1t region. The isochrones are the same as those of the top-left panel.

correlation between the RSGs and H 11 regions. The distribution of
RSGs shows that the RSGs of NGC 5055 are likely to be along the
spiral arms. However, a tight spatial correlation between the RSGs
and H 1 regions does not appear, unlike for NGC 4449. We could not
find definite clumpy structures of RSGs; rather, the RSGs seemed
to be broadly distributed to the outskirts of the galaxy. Although
Chonis et al. (2011) found complex and faint stellar light in the
outer halo of NGC 5055, including a large stellar stream, its red
colour (Chonis et al. 2011) suggests that the diffuse stellar haloes
are dominated by an old stellar population, and thus, the extended
distribution of RSGs in this study is not likely to have a direct asso-
ciation with the faint stellar structures in the outer halo of the galaxy.
Interestingly, Chonis et al. (2011) also noted long and clumpy fil-

aments (features g and % in their figs 9 and 10) in the outskirts of
the disc from the H1 map of Battaglia et al. (2006) and the GALEX
ultraviolet image of Gil de Paz et al. (2007). The blue coloured
property of the features suggests that the stellar populations in these
features are younger than the tidal stream, indicating that there is no
association between the tidal stream feature and the blue extended
features. Therefore, the extended distribution of the RSGs in this
study may be related to these young structures. Although the sky
area of our detection is too narrow to identify a definite spatial cor-
relation of RSGs with the H1 map or the GALEX ultraviolet image,
we indeed found that some of the RSGs in the outskirts of the disc
are distributed along part of the long and clumpy features g and h
presented by Chonis et al. (2011). Additional exploration using a
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Figure 6. Top left: (/ — K, K)o CMD of the RSGs in NGC 5457. The black and blue dots represent the genuine RSGs and possible RSG candidates. The
theoretical isochrones of Z = 0.01 and age of log (¢,,) = 6.9, 7.1 and 7.3 are shown by solid lines with different colours. The 50 per cent completeness limit
is indicated by the dotted line. Top right: Spatial distribution of RSGs (blue points) of NGC 5457 over an Ha image in a grey-scale. Five giant Hu regions
(A, B, C, D and E), 1.0 arcmin in radius, are indicated. Bottom: (J — K, K)o CMDs of RSGs in the regions shown in the Hoe image. The label in each panel
corresponds to the selected Hn region. The isochrones are the same as those of the top-left panel.

telescope with a wider field of view and a higher spatial resolution
is necessary to find the link between the young stars and the blue
extended features.

We selected four regions where the emission of He is dominant
(A, B, Cand D, in the He image), and (J — K, K)o CMDs of genuine
RSGs from inside the circle with 1 arcmin radius centred on each
region are plotted in the bottom panels of Fig. 5. Although RSGs in
the four regions follow the theoretical isochrones with ages between
log (¢,) = 6.9 and 7.3, and have similar colours, the magnitudes
of RSGs show various distributions depending on the region. The
centre of the galaxy (region C) contains more bright RSGs with
age log (#,,) = 6.9 than other regions. Considering that the most
dominant Ho emission is in the centre of the galaxy, the presence
of numerous bright stars and recent star formation in this area are

not surprising. We could not find stars below about Ky, = 18.5 in the
centre, but the low number of RSGs at the faint magnitude seems
to be affected by the crowding effect. With the exception of the two
brightest RSGs in the A region, the A and B regions seem to have
less bright RSGs compared to the other regions. In these regions,
the majority of RSGs are older than log (z,,) = 6.9, and only two
stars in region A are younger than the log (¢,,) = 6.9 isochrone.

4.3 NGC 5457 (M101)

The top-left panel of Fig. 6 shows the distribution of the RSGs in
NGC 5457 in the (J/ — K, K)o CMD. We also compared the RSGs in
the CMD with the PARSEC isochrones with Z = 0.01 and several
ages of log (t,,) = 6.9, 7.1 and 7.3. It is apparent that NGC 5457
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has dominant RSG populations that are distributed between the
log (t,,) = 6.9 and 7.3 isochrones. In particular, this galaxy has
more RSGs younger than log (t,,) = 6.9 compared with the other
two galaxies. As for NGC 5055, the 50 per cent completeness limit
of NGC 5457 also shows that there may be further RSGs older than
log () = 7.3 in this galaxy. The blue possible RSG candidates also
show a more substantial distribution than the other two galaxies.
This is consistent with the active and complex star formation of
several giant H 11 regions in this galaxy.

The sky positions of RSGs in NGC 5457 are shown in the top-
right panel of Fig. 6. The Ho image from the Local Volume Legacy
(Kennicutt et al. 2008; Dale et al. 2009) was used to compare the
RSGs and Hu regions. It is evident that the RSGs in NGC 5457
manifest density enhancement in the spiral arms and a strong co-
herence with the Hu region, with a clumpy structure inside the
Hu region. The clumpy structure of the RSGs in the H 1 region is
also in agreement with the spatial distribution of RSGs reported by
Grammer & Humphreys (2013). Thus, the H i regions of NGC 5457
contain not only very young stars with an age of ~10 Myr but also
evolved stellar populations with an age of <100 Myr. We could
not find an extended distribution of RSGs to the outskirts of the
disc in contrast to the other two galaxies, which show an extended
distribution of RSGs. Thus, the recent star formation of NGC 5457
is dominated by the physical properties of the H1 region, not by
previous merging or accretion events.

Several giant Hu regions with spectacular star formation are
known in NGC 5457. We selected five giant H 11 regions (A, B, C,
D and E) in the Ho image and investigated the (/ — K, K)o CMD of
genuine RSGs in each region. The regions A, B, C and D correspond
to the brightest and largest giant H 1 regions NGC 5462, NGC 5461,
NGC 5458 and NGC 5450, respectively. We used stars within 1 ar-
cmin radius centred on each region, and the CMDs are plotted in the
bottom panels of Fig. 6. The RSGs in the five regions have the same
magnitude ranges, between Ky = 17.0 and K, = 19.0, and similar
colour values. The isochrones with ages between log (¢,,) = 6.9 and
log (#y,) = 7.3 are matched with the sequences of RSGs. Region C
has dominant RSG populations compared to the other regions. To
test more precisely the differences between the stellar populations in
the giant H 11 regions, additional high-resolution data and informa-
tion about very young stellar populations, such as blue supergiants,
are necessary. Grammer & Humphreys (2013) examined the stel-
lar populations in several giant Hu regions of NGC 5457 using a
HST/ACS Wide Field Camera image. They found that all giant Hn
regions have evolved stellar populations (=40 Myr), and NGC 5461
and NGC 5462, which are discussed in this study, show statistically
significant differences in the spatial distribution between young and
evolved stellar populations.

4.4 Effect of metallicity on the evolution of RSGs

Metallicity is one of the important factors in determining the evo-
lution of RSGs in CMDs, and the effect of metallicity on RSGs
has been examined in several studies. Elias et al. (1985) first noted
that as metallicity decreases, the average spectral types of the RSG
populations shift to an earlier type. This trend is clearly detected
in several galaxies with various metallicities in the Local Group.
Massey & Olsen (2003) investigated the RSGs in the Milky Way,
LMC and Small Magellanic Cloud (SMC) and found that the distri-
bution of spectral types was skewed towards an earlier spectral type.
More recently, Drout et al. (2012) used spectroscopic data for RSGs
in M33, which is known to have a significant metallicity gradient,
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and found that the RSGs in the outskirts of M33 systematically have
a higher temperature than those in the inner part of the galaxy.

Elias et al. (1985) attributed the shift of spectral type with metal-
licity to the varying location of the Hayashi limit (Hayashi &
Hoshi 1961) with metallicity. The Hayashi limit is the coolest tem-
perature at which a star can stay in hydrostatic equilibrium and is
sensitive to the metallicity: a decrease in the number of heavy el-
ements that provide free electrons results in a decrease in opacity
at the surface of stars and subsequently an increase of effective
temperature. The RSGs are so large and cool that their location
(temperature and luminosity) in the H-R diagram is constrained by
the Hayashi limit. Thus, as the Hayashi limit shifts to a warmer tem-
perature with decreasing metallicity, the RSGs also have a higher
effective temperature. In addition, this spectral type shift can be
also explained by the effect of the low metallicity of the stars: the
weak TiO lines at lower metallicities yield earlier spectral types.
By comparing the evolutionary tracks for the Milky Way, LMC
and SMC, Levesque et al. (2006) stated that the variation of the
TiO lines is a secondary effect in the spectral shift and that the
main reason is the variation of the Hayashi limit with metallicity.
However, we note that the location of the Hayashi limit in the H-R
diagram is also governed by the convective mixing length (Lucy,
Robertson & Sharp 1986). In most stellar models, the Solar value is
typically adopted for the mixing length for stars with all masses and
metallicities, but recent simulations argue that the mixing length
may be dependent on stellar parameters (Trampedach et al. 2014;
Magic, Weiss & Asplund 2015). Thus, the Hayashi limit in evolu-
tionary models still needs to be calibrated by observational data.

The target galaxies have different metallicities and thus, our RSG
candidates are a good data sample for investigating the metallicity
dependence of the effective temperatures of RSGs. Unfortunately,
however, our photometric data are not large enough to attempt such
an investigation. It is difficult to derive the effective temperatures
and bolometric luminosities from our photometric data because of
a degeneracy between luminosities, temperatures and circumstellar
extinctions, and we do not have spectroscopic data. In this discus-
sion, therefore, we just test the trend of the metallicity dependence
of the RSG colour distribution.

Fig. 7 shows the distribution of the (J/ — K), colour distributions of
RSGs for the three galaxies. The colour distributions of the genuine
RSGs are represented by solid lines, while the histograms for all
RSGs (genuine RSGs and possible RSGs) are indicated by dotted
lines. The number of RSGs in each bin was divided by the total
number of RSGs. The mean colour values for the genuine and all
RSGs are indicated by vertical solid and dotted lines, respectively.
We could not find a definite progression of the dominant colour
towards the bluer colour at a lower metallicity. The peak of the
distribution for NGC 5457 seems to be slightly shifted towards the
blue colour, but it is not significant. We attribute the absence of a
trend in colour with metallicity to the uncertainty in the photometric
data. However, it is interesting that recent research into the RSGs in
several Local Group galaxies (Davies et al. 2015; Gazak et al. 2015;
Patrick et al. 2015) indicates that there is no dependence between
the metallicities and temperatures of RSGs. Thus, spectroscopy data
are essential for determining the effective temperatures and spectral
types of RSGs, from which we can confirm if the changes in spectral
type and temperature are caused by metallicity alone or if the RSGs
are warmer at lower metallicity.

The mass loss of massive stars is one of the most important pa-
rameters in determining their evolutionary itinerary and fate. The
dependence of mass-loss rate on metallicity in early-type massive
stars has been well established as a power-law dependence (xZ")
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Figure7. (J— K)o colour distributions of RSGs for the three galaxies. Solid
lines indicate the colour distributions of the genuine RSGs, while the dotted
lines are for all RSG candidates (the genuine RSGs and possible RSGs).
The mean colour values for the genuine RSGs and all RSGs are described
by the vertical solid and dotted lines.

in previous studies (Heger et al. 2003; Mokiem et al. 2007; Puls,
Vink & Najarro 2008). Although we still do not know the exact
theoretical prediction for the mass-loss rate of RSGs and its depen-
dence on metallicity, Sloan et al. (2008) found that RSGs with lower
metallicity have a lower mass-loss rate. Thus, a similar metallicity
dependence of mass-loss rate in hot massive stars can be expected
for RSGs. If we apply this dependence to RSGs, there is an expecta-
tion that metallicity also affects the maximum luminosity of RSGs;
the lower metallicity RSGs have higher luminosities. In a higher
metallicity domain, the massive stars have a higher mass-loss rate
than stars with low metallicity, and this enables lower mass stars
to evolve easily into the Wolf-Rayet stage (Massey et al. 2009;
Groh, Meynet & Ekstrom 2013; Levesque 2013; Massey 2013).
Consequently, the upper mass limit of RSGs becomes lower with

increasing metallicity. Indeed, Massey (1998) detected this relation
by measuring the maximum luminosity of RSGs in NGC 6822, M33
and M31.

We compared the brightest absolute magnitudes of the RSGs
in the three galaxies. The measured brightest absolute magnitudes
for the three galaxies are Mx = —11.85 £ 0.01 for NGC 4449,
Mg = —11.95 £ 0.01 for NGC 5055 and Mg = —11.99 £ 0.02 for
NGC 5457. We could not find an obvious dependence of the peak
magnitude with metallicity. Instead, a similar brightest magnitude
of Mg = —11.9 was found for the three galaxies. Previously, Massey
et al. (2009) compared the maximum luminosities of RSGs in the
Milky Way, Magellanic Clouds and M31, and also found that these
galaxies share a roughly constant maximum luminosity. The similar
brightest magnitude for the three galaxies may be a hint of a constant
maximum luminosity (Massey et al. 2009). Therefore, it is essential
to derive the exact luminosities for the RSGs of the three galaxies
using additional spectroscopy data.

5 SUMMARY

We have investigated the observational properties of RSGs in three
nearby galaxies, NGC 4449, NGC 5055 and NGC 5457, using near-
infrared JHK photometry data obtained from the WFCAM array
mounted on the UKIRT. We cross-matched our photometric cata-
logue with optical archive data and removed foreground Galactic
stars and background galaxies from the multi-colour diagrams. The
foreground stars can be decoupled from the supergiant populations
in the (i — K, r — i) colour—colour diagram in which the foreground
stars have large values of the (r — i) colour at a given (i — K). The
large values of the (r — i) colour at a given (i — K) for the foreground
stars are also described well in the theoretically expected (i — K,
r — i) colour—colour diagram calculated by the MARCS model.
The distributions of the RSGs in the (/ — K, K)o CMDs were
compared with PARSEC theoretical isochrones. We also investi-
gated the spatial distributions of the RSGs in each galaxy with Ho
images, and examined the (J — K, K)o CMDs of the RSGs in the
dominant Hn regions of the galaxies. We found that the RSGs of
the three galaxies have common ages of log(#,,) = 6.9, 7.1 and
7.3, and that these galaxies have experienced recent star formation
within 20 Myr. The maximum age of RSGs in NGC 4449 seems to
be about log (¢,,) = 8.0 (~100 Myr), while the upper age limits of
RSGs in NGC 5055 and NGC 5457 were not constrained because
of the photometric detection limit. NGC 4449 shows distorted and
extended spatial distributions of RSGs and has a moderate spatial
correlation with the Hu regions. The (J — K, K)o CMD of the
central region has more massive and younger stars than other Hu
regions. NGC 5055 also shows a marginally extended distribution
of RSGs, but an exact spatial coherence with the H1 regions was
not found. We interpret this to mean that the extended distribution
of RSGs is likely to be associated with the filament substructures
in the outskirts of the galaxy, which are detected in the H1 image
(Battaglia et al. 2006) and GALEX image (Gil de Paz et al. 2007)
but not with tidal tails and extended stellar haloes with a red colour
(Chonis et al. 2011). NGC 5457 has numerous RSGs younger than
the log (t,,) = 6.9 isochrone compared to the other two galaxies,
indicating relatively recent star-formation activity in this galaxy. We
found that the distribution of RSGs in NGC 5457 has a strong corre-
lation with the H i1 regions. The CMDs of RSGs in well-known H 1t
regions also indicate that most Hn regions in NGC 5457 have not
only very young stars but also evolved massive stellar populations.
We examined the effect of metallicity on the colours of the RSGs
in the (J — K, K)o CMD. The (J — K), colours of the RSGs in
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the three galaxies show similar colour distributions, and thus, the
expected progression of colours towards higher temperatures with
decreasing metallicity was not detected. However, the similar colour
distributions in the three galaxies does reflect the recent observa-
tional results of no dependence between metallicities and temper-
atures of RSGs found for several Local Group galaxies. We could
not confirm the relation between maximum luminosity and metal-
licity that was suggested by Massey (1998). Instead, we found that
the three galaxies shared a similar brightest absolute magnitude of
Mg =—-1109.

Overall, in this study we hope to provide RSG candidates from
the three galaxies for future RSG studies using large telescopes. A
photometric study of supergiant stars alone is limited. Therefore,
follow-up spectroscopic observations are necessary for investigat-
ing the metallicity dependence of the RSGs as well as determining
the spectral types and extinction values. We expect that an up-
dated methodology, such as the SED fitting method of Davies et al.
(2013), will provide more obvious results for the physical properties
of RSGs in nearby galaxies, and we also plan to extend our work
for the three galaxies using spectroscopic data.
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