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Abstract

Red clump (RC) stars are low mass stars with relatively high metallicity in the core helium-burning
phase. They have small scatter of luminosity and effective temperature, and they can be used
as a standard candle. The advantage of RC stars as a standard candle is that the number of RC
stars is numerous and the statistical error could be small in comparison to variable stars with
period-luminosity relation. A large number of RC stars also allows us to utilize them as the
tracer of the structure of objects and interstellar extinction. Furthermore, RC stars are luminous
in the near-infrared wavelength, and they can be used in the region where interstellar extinction is
strong, and stars cannot be observed in the optical wavelength. For example, distance to the Milky
Way bulge or nearby galaxies is measured using RC stars with uncertainty smaller than 0.2 mag
(~20 per cent) in distance modulus.

Howeyver, it has been understood from both theoretical and observational work that the absolute
magnitude of RC stars depends on age and metallicity (population effect). The population effect is
considered to be smaller in infrared than in optical, but relatively large age dependence is predicted
for young RC stars. The difference of absolute magnitude in young RC stars are predicted as about
0.5 mag, and it leads to 50 per cent uncertainty in distance determination. Therefore, it is important
to confirm the RC population effect by observation. Many studies have confirmed small metallicity
dependence. On the other hand, age dependence has not been investigated extensively because it is
difficult to obtain the ages of RC stars. So far, the studies are limited to the work using Milky Way
star clusters or age that derived from asteroseismology. Thus, the number of samples with both
age and metallicity information is quite limited, and the parameter space is not covered enough up
until now.

Hence, we use star clusters in the Large Magellanic Could (LMC) to fill the parameter space,
which previous research has not observationally studied. Star clusters in the LMC are more metal-
poor than star clusters containing RC stars in the Milky Way. Also, there are many young star
clusters in the LMC. Therefore, we can expand the parameter space to the more metal-poor and
younger range. To observe the LMC star clusters, we used the IRSF telescope with long exposure
time and VMC survey data.

We obtained empirical relations of the population effect for RC absolute magnitudes my, my,
and mg, and their colors J — H, J — K, and H — Kg. Especially, we confirmed that J — K, and
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H — K have nearly constant values J — Ks = 0.512 £ 0.012 and H — K5 = 0.050 £ 0.010 at least
within the ages of 1.5-3.5 Gyr and —0.90 to —0.40 dex. This means that these colors are useful as
an interstellar extinction probe. We also confirmed that the population effect of observational data

is good agreement with the newer theoretical models.
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Chapter 1

Introduction

1.1 Red clump stars

Red clump (RC) stars are evolved from low mass stars with relatively high metallicity. They are in
the core helium-burning (CHeB) phase and the next stage of the first ascent red giant branch (RGB)
stars. Low mass stars with low metallicity will evolve to hotter CHeB stars, such as horizontal
branch (HB) stars or RR Lyrae variable stars. Although both RC stars and HB stars are the CHeB
stars, the number of RC stars is much larger than that of HB stars. About 1/3 of all red giants are
RC stars in any star-forming galaxies (Girardi 2016).

In spite of the fact that RC stars are abundant, it has only been half a century since RC stars
were recognized. It is in contrast to HB and RR Lyrae stars, which have been studied in old
globular clusters for more than one hundred years (e.g., Bailey 1902). Cannon (1970) first reported
that RC stars are in the color-magnitude diagrams (CMDs) of intermediate-age clusters (Figure
1.1). Not only he identified RC stars, but also he mentioned that RC stars have nearly constant
magnitude (My = 0.9 £ 0.1, Figure 1.2) and can be used for a standard candle. In addition, he
correctly interpreted that RC stars are evolved from low-mass RGB stars. However, RC stars had
been rarely studied for about 30 years after his work, except for the studies of open clusters, Local
Group galaxies, and theoretical work on stellar evolution. Examples of a few exceptions that RC
stars were used for distance estimation are the work by Stanek et al. (1994, 1997), who used the
luminosity distribution of the RC stars as evidence for the Galactic Bar.

The situation drastically changed after work by Paczyriski & Stanek (1998). They used the
Hipparcos parallaxes of around 600 RC stars to determine the absolute magnitudes of RC stars in
the solar neighborhood, and showed that RC stars have compact distribution in the CMDs (Figure
1.3). The different points between their work and Cannon (1970) are the number of RC samples
and Paczynski & Stanek (1998) selected /-band data, which have smaller color dependence of
the absolute magnitudes (approximately corresponding to metallicity dependence). Especially, it
is surprising that RC stars in both of two completely different regions (solar neighborhood and

1



CHAPTER 1. INTRODUCTION

02 06 -0 -4 I-8

Figure 1.1: The (B — V,V) CMD of NGC 7789. This figure is taken from Cannon (1970),
reproduced with the permission of Oxford University Press.
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Figure 1.2: The mean V-band absolute magnitudes of RGB stars in star clusters as a function of
cluster turn-off colors. This figure is taken from Cannon (1970), reproduced with the permission
of Oxford University Press.
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-0.5

Figure 1.3: CMD of V — I versus M for the stars with Hipparcos parallax. We only plot the stars

with parallax errors smaller than 10%. The orange rectangle indicates the region of RC stars.

Baade’s Window) show constant magnitudes as a function of colors (Figure 1.4). RC stars have
been widely used as an ideal standard candle to investigate the Milky Way structure, distance to
nearby galaxies, and interstellar extinction since Paczynski & Stanek (1998) presented their results.

1.2 RC stars as a standard candle

RC stars have been widely used as a standard candle after the work by Paczyriski & Stanek (1998).
RC stars have the advantages that they are numerous and bright in near-infrared (NIR) wavelength.
On the other hand, it is difficult to identify individual RC stars. Thus, RC stars can only be used
as a standard candle in the regions where a large number of RC stars exist at almost the same
distance. From these characteristics, RC stars have been mainly used to investigate the Galactic
center region.

The basic method to use RC stars as a standard candle is as follows. At first, the luminosity
function of all red giants is constructed. Then, this luminosity function is fitted with a function of

the form

2572 (1.1)

NQ) = a+bm,1+cm/2l + dexp [—
2

(mR€ - m»ZI
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V-1 ' ' (V-1),

Figure 1.4: (left) The (V — I, M;) CMD of solar neighborhood. (right) The (V — I, I) CMD of
Baade’s Window. Interstellar extinction is corrected. These figures are taken from Paczynski &
Stanek (1998), reproduced by permission of the AAS.

where A is a passband. The first three terms represent the background distribution of RGB stars.
Some studies use different formulation as the background distribution. For example, power laws
(e.g., Stanek et al. 1997), linear equations (e.g., Paczyniski & Stanek 1998), or exponentials (e.g.,

Nataf et al. 2015) were used instead of the second-order polynomial. The Gaussian term represents

RC
A

the RC stars. When the number of RC stars is small, the median values of RC stars would be used.

the RC stars distribution, where m7~ is the mean magnitude and o, is the standard deviation of

The distance modulus yg is derived from
po = mNC — MR — Ay + AMBC, (1.2)

where A, is the interstellar extinction, and AM), is the correction of population effect. Some studies
correct the population effect using theoretical models such as Girardi & Salaris (2001) and Salaris
& Girardi (2002), and the others consider the population effect is small and negligible.

Before Paczyniski & Stanek (1998), RC stars were rarely used as a standard candle. Gardiner
& Hawkins (1991) and the series of their papers investigated the structure of the Small Magellanic
Cloud (SMC). They observed the SMC using the Danish 1.5-m telescope at La Silla, and Johnson
B and Gunn R filters. They found that the northeast field of the SMC has longer depth between 12
and 16 kpc, and north and northwest regions possess shorter depth between 4 and 9 kpc. Stanek
et al. (1994, 1997) studied the V- and /-band photometry of the Optical Gravitational Lensing
Experiment (Udalski et al. 1992, 1993, 1994) toward the Milky Way bulge. They considered the
three types of models for the Galactic bar density distribution to fit the luminosity functions of RC

4
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stars (Dwek et al. 1995). The first ones are the Gaussian-type (G) functions represented by

pG1(x,y,2) = poexp(=r?/2), (1.3)
pGZ(x7 Yy, Z) = po exp(_rsz/zl (14)
pG3(x,¥,2) = por~ B exp(-r?). (1.5)

Gl is a Gaussian triaxial, G2 is a boxy Gaussian, and G3 is a Bahcall distribution. The second

ones are the exponential-type (E) functions like

PE1(X,Y,2) = po exp(~Te), (1.6)
pE2(X, Y, Z) = Po exp(_”)’ (17)
PE3(X,¥,2) = poKo(rs). (1.8)

El is an exponential triaxial with the form from Blitz & Spergel (1991), E2 is also an exponential
triaxial but with the form from Whitelock & Catchpole (1992), and E3 is a modified spheroid. The

third ones are the power-law-type (P) functions described by

1\
PPl(Xa)’,Z)=Po(1+r) , (1.9)
1
pp2(x,y,2) = pom, (1.10)
2
pps(x,y,z)=po(1+r2) ; (1.11)
where
2 2 21172
r= £+l+£ , (1.12)
X0 Yo 20
re = bl by ) (1.13)
X0 Yo 20
2 212 4 1/4
n=il=) (2] | +[5 : (1.14)
X0 Yo 20

P1 is a power-law triaxial, P2 is a Hernquist profile, and P3 is a perfect ellipsoid. From the fittings
of these models, they found that the power-law model P1 gave the best fit inclined to the line of
sight from 20° to 30°, with axis ratios xo : yo : zo = 3.5 : 1.5 : 1 (Figure 1.5).

1.2.1 RC stars as a distance indicator

After Paczynski & Stanek (1998) demonstrated the usefulness of the RC stars as a standard candle,
RC stars gained much attention. There are mainly two types of application of RC stars as a

5
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Figure 1.5: The distribution of the reddening corrected V-band magnitudes of RC stars in the
Milky Way bulge regions. The best (P1, solid lines) and worst (G2, dashed line) model fits are also
represented. This figure is taken from Stanek et al. (1997), reproduced by permission of the AAS.
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Figure 1.6: The /-band absolute magnitude distribution of RC stars in the solar neighborhood and
Baade’s Window. This figure is taken from Paczyriski & Stanek (1998), reproduced by permission
of the AAS.

standard candle. One is a distance indicator and the other is an interstellar extinction probe. In this

subsection, we introduce that RC stars have been used as a distance indicator.

Paczyriski & Stanek (1998) derived the /-band absolute magnitudes of RC stars in the solar
neighborhood and then applied to the RC stars in the Baade’s Window. They obtained the distance
to the Galactic center as 8.4 + 0.4 kpc by fitting equation (1.1) to the /-band magnitude distribution
(Figure 1.6). Nishiyama et al. (2006b) also determined the distance to the Galactic center by
the same techniques. The Infrared Survey Facility (IRSF) and Simultaneous three color InfraRed
Imager for Unbiased Survey (SIRIUS) were used to obtain Kg-band magnitude. They obtained
7.52+0.10 (statistical) +0.35 (systematic) kpc as the distance to the Galactic center and Matsunaga
etal. (2013) updated this result as 8.05+0.37 kpc using the recent result of NIR absolute magnitudes
of RC stars by Laney et al. (2012).

The RC stars has also been used to measure the distance to the Large Magellanic Cloud (LMC).
This application also contains the meaning of a test as a distance indicator because the distance to the
LMC has been derived by some other methods. Some studies have been confirmed that the distance
to the LMC derived from optical magnitudes of RC stars are shorter than the distance derived from
other methods and widely accepted (up ~ 18.50 mag). It is considered that this disagreement is
caused by metallicity difference between RC stars in the solar neighborhood and the LMC (for detail,
see section 1.3). For example, Udalski et al. (1998) obtained the distance modulus to the LMC of
18.08 + 0.03 (statistical) +0.12 (systematic) mag from the /-band photometry from the OGLE-II

7
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project (this result was updated as pp pmc = 18.24 +0.08 mag, Udalski 2000). Stanek et al. (1998)
used RC stars in the low-reddening regions and determined po 1vc = 18.065 + 0.031 (statistical)
+0.09 (systematic) mag. Cole (1998) considered the population effect with the theoretical RC
models (Seidel et al. 1987), and derived a larger value 18.36 + 0.17 mag. Romaniello et al. (2000)
also considered the population effect, and estimated popmc = 18.59 + 0.04 (statistical) +0.08
(systematic) mag from the /-band data of Hubble Space Telescope (HST). This shorter distance
cannot be seen in NIR wavelengths. Alves et al. (2002) used VIK-band photometry and obtained
the distance modulus to the LMC po pmc = 18.493 +0.033 (random) +0.03 (systematic) mag, and
Koerwer (2009) derived up pmc = 18.54 £ 0.06 mag from IRSF JH-band photometry. However,
Laney et al. (2012) obtained smaller distance po1mc = 18.38 + 0.03 mag from J-band data,
while pprmc = 18.49 + 0.06 mag and po1vmc = 18.475 + 0.021 mag were derived from H- and
K-band data. The origin of this shorter distance is also considered as the population effect because
J — K color of RC stars in the LMC are bluer than those in the solar neighborhood. For the
SMC, similar short distance has been derived from optical data. Udalski et al. (1998) estimated
that uo smc = 18.56 + 0.03 (statistical) +0.06 (systematic) mag. This value is also shorter than
that derived from other methods (~ 18.9 mag). Cole (1998) considered the population effect and
obtained large value 18.82 + 0.20 mag.

So far, the most distant galaxy for which color-magnitude diagram shows clear RC stars is
M31 (Williams et al. 2014). They conducted long time exposure using HST, and detected RC
stars around 24.4 mag with F814W filter (Figure 1.7). Dalcanton et al. (2009) detected RC stars
in further galaxies from the HST observations in the project of the ACS Nearby Galaxy Survey
Treasury, but detailed analysis has not been done. RC stars in metal-poor dwarf galaxies in the
Local Group has also been observed. Examples are Carina (Smecker-Hane et al. 1994), Leo |
(Gallart et al. 1999), and Phoenix (Holtzman et al. 2000) dwarf spheroidals). Recently, the most
metal-poor RC stars ([Fe/H] = —1.8) were observed in Leo P (McQuinn et al. 2015, Figure 1.8).

1.2.2 RC stars as the tracer of structures

One advantage of RC stars is that the number of them is very large compared to variable stars
with the period-luminosity relation. Therefore, RC stars are used not only to derive the distance to
objects but also to investigate the structures of objects. As described above, the earliest work that use
RC stars to investigate the Milky Way structure is studies by Stanek et al. (1994, 1997). They used
I-band magnitude and obtained the evidence for the Galactic Bar from RC luminosity variation.
Nishiyama et al. (2005) discovered additional inner structure from IRSF Kg-band observation
(Figure 1.9). They observed the region from / = -10°5 to +10%5 at b = +1°, and divided the region
into smaller grids. Then, they fitted equation (1.1) to the histograms of the dereddened Kg-band
magnitudes (they used exponential functions for RGB background distribution). Cabrera-Lavers
et al. (2008) observed outer regions of Galactic bar, and found two different bar-like structures with

8
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Figure 1.7: (left) The (F475W — F814W, F814W) CMDs of low-reddening regions of M31. This
figure is taken from Girardi (2016), reproduced with the permission of Annual Reviews. (right)
The F814W magnitude distribution around RC stars. This figure is taken from Williams et al.
(2014), reproduced by permission of the AAS.
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Figure 1.8: The (F814W, F475W - F814W) CMD of Leo P from HST observation. This figure is
taken from McQuinn et al. (2015), reproduced by permission of the AAS.
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Figure 1.9: The distribution of the distance to the inner structure of the Milky Way derived from
the peak of dereddened Kg-band magnitudes of RC stars. This figure is taken from Nishiyama
et al. (2005), reproduced by permission of the AAS.

a position angle of 23260 + 2219 near the Galactic center, and with a large position angle 42244 +
2214 extended to [ = 28° (Figure 1.10). Gonzalez et al. (2018) used the new photometric catalog of
VISTA Variables in the Via Lactea (VVV) survey (Minniti et al. 2010), and found that the Kg-band
luminosity function has another peak in fainter magnitudes. They interpreted the secondary peaks

as the spiral arm beyond the Galactic center (Figure 1.11).

In the Milky Way bulge, 0.3—-0.5 mag different RC stars has been found along several Bulge
lines of sight (McWilliam & Zoccali 2010; Nataf et al. 2010; Li & Shen 2012; Wegg & Gerhard
2013; Gonzalez et al. 2015, Figure 1.12). These splitting magnitudes of RC stars are prominent in
high-latitude regions, while they disappear around the Bulge center. The magnitude distribution
of RC stars varies depending on the latitude and longitude, this RC splitting has been interpreted
as evidence for an X-shaped structure seen in some extragalactic bulges based on the latitude and
longitude dependence (Figures 1.13 and 1.14). From their results, RC stars at the positive longitude
are bright and hence near to the Earth, while RC stars at the negative longitude are faint and distant.
In the X-Z plane, the distribution of RC stars shows a clear X-shape. Furthermore, Ness & Lang
(2016) discovered the obvious X-shape from a Wide-Field Infrared Survey Explorer (WISE) image
(Figure 1.15). However, another interpretation for the RC splitting has been suggested (Lee et al.
2015; Lee & Jang 2016; Joo et al. 2017). They have claimed that two groups of RC magnitudes do
not arise from the different distances but intrinsic RC luminosities are different. They explained
that the different RC luminosities are caused by the multiple stellar populations with different

10
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Figure 1.10: The distribution of the distance to the outer structures of the Milky Way. This
figure is taken from Cabrera-Lavers et al. (2008), reproduced with permission from Astronomy &
Astrophysics, © ESO.
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Figure 1.11: The distribution of the secondary peaks of RC stars compared with simulation. White
crosses represent the secondary peak of observed RC stars. Color scale indicates the simulated
density map, black circles are near structures, and black squares are far structures. The white
shaded region display 1 o dispersion estimated from the width of the Gaussian fit. The upper panel
represents the distance distribution for / = +4° estimated from the simulation. This figure is taken
from Gonzalez et al. (2018), reproduced with the permission of Oxford University Press.
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Figure 1.12: (V =1, I) and (J — K, K) CMDs and magnitude distribution at (I, b) = (0, -6) from
four photometric catalogs. (upper left) Wide Field Imager photometry at the 2.2-m ESO/MPG
telescope at La Silla, for a 34’x 33’ field. (upper right) OGLE data from Udalski et al. (2002).
(lower left) SOFI photometry at the New Technology Telescope in La Silla or a 8.3"x 8.3’ field.
(lower left) 2MASS PSC. This figure is taken from McWilliam & Zoccali (2010), reproduced by
permission of the AAS.

ages, metallicities, and helium abundances as observed in some globular clusters (Lee et al. 1999;
Ferraro et al. 2009; Gratton et al. 2012; Renzini et al. 2015; Bastian & Lardo 2018, Figure 1.16).
In addition, Han & Lee (2018) asserted that the X-shape structure seen in the WISE image is
an artificial structure caused by two problems: interstellar extinction is not considered, and an
ellipsoidal bulge model is applied. It is well-known that the Milky Way has a boxy bulge (Dwek
et al. 1995; Lopez-Corredoira et al. 2005; Gonzalez et al. 2013). When an ellipsoidal bulge model
is subtracted from a boxy bulge, an artificial X-shape structure will appear in the residual. The
same problem is well-known for the studies of extragalaxies (Peng et al. 2011; Cho et al. 2016).

For the LMC, Koerwer (2009) investigated the inclination, i, and the position angle of the
line of nodes, ¢ from the IRSF/SIRIUS JH-band photometry of the IRSF Magellanic Clouds
Point Source Catalog (Kato et al. 2007). He divided ~ 40 deg? survey area into small regions,
and searched for the peak of luminosity functions. As a result, he obtained i = 23?5 + 0°4 and
¢ = 15426 + 122 as the best-fit plane (Figure 1.17). Gardiner & Hawkins (1991) studied the depth
of the SMC as described above.

12
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This figure is taken from Gonzalez et al. (2015), reproduced with permission from Astronomy &
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stars in the X-Z plane. These figures are taken from McWilliam & Zoccali (2010), reproduced by

permission of the AAS.
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Figure 1.15: The image of Milky Way Bulge obtained from WISE W1 and W2 images. (upper left)
WISE image (upper center) WISE image masked for the top and bottom 5 per cent of pixels based
on W1 — W2 color and with pixels with negative flux. (upper right) exponential disk model (lower
left) disk subtracted WISE image (lower center) disk subtracted and masked WISE image (lower
right) Smoothed version of lower center image. These figures are taken from Ness & Lang (2016),
reproduced by permission of the AAS.

2
= K) (mag)

Figure 1.16: The (K, J — K) CMD of the central region of a globular cluster, Terzan 5. The small
panel is the same plot as the main panel but magnified around RC stars. This figure is taken from
Ferraro et al. (2009), reproduced with permission from Springer Nature.
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1.2. RC STARS AS A STANDARD CANDLE
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Figure 1.17: The distance distribution of RC stars in the LMC, and the best-fit plane. Up is nearer
to the Earth. North is in the direction of positive Y, and west is in the direction of positive X. This
figure is taken from Koerwer (2009), reproduced by permission of the AAS.

1.2.3 RC stars as a interstellar extinction probe

Taking advantage of the large quantities, RC stars has also been used as an interstellar extinction
probe. To investigate the interstellar extinction law, the color-difference method has widely used.
In the color-difference method, the extinction curves are obtained in the form of the ratios of color
excesses Ej_y,/Ex,—a,- Customarily, V- and B-band has been used as A; and A, respectively.

Using the absolute extinction A ,, the ratios of color excesses are written as

E, A A A
v A A A (1.15)
Egpv Epv Epyv Epy

where Ry is so-called the ratio of total to selective extinction ratio defined by

Ay
Ry = . 1.16
V=R (1.16)

This means that if Ry is given, we can obtain A, from observing color excesses. The color excesses
can be obtained by comparing reddened colors with intrinsic colors, and intrinsic colors are derived
from the spectral types of stars. However, we cannot directly obtain Ry from observable data.
Instead, the extrapolation of the extinction curve to A7 = 0 has been used. To estimate Ry,
observations at longer wavelengths have been performed but there are two uncertainty sources for
these observations: contamination by dust emission and the possible existence of neutral extinction
by grains much larger than observing wavelengths.
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Figure 1.18: The (V, V — I) CMD for a field in the Baade’s Window. Different symbols represent
the different level of extinction: (open circles) highest (filled circles) lowest. This figure is taken
from Wozniak & Stanek (1996), reproduced by permission of the AAS.

To avoid the uncertainty, so-called RC method was developed Wozniak & Stanek (1996). The
RC method uses the nature of RC stars that occupy a small region in the CMD if they are not
suffered from interstellar extinction. In the RC method, three assumptions are needed: age and
metallicity dependence of the absolute magnitudes of RC stars is small, distance to the RC stars is
the same, and extinction lows are the same in a region used to make a CMD. When the assumption
is reasonable, RC star are located in a straight line with a slope of Ry = A/E—, (Figure 1.18).
Unlike the color-difference method, we can directly obtain R; from the RC method.

Wozniak & Stanek (1996) use the RC method to investigate the coefficient of the selective
extinction for the first time with OGLE data for the Milky Way Bulge. They obtained nearly
constant values as Ay /Ey_j for 13 fields ranging from —5° to +5°, and the weighted mean of the
value is 2.44 (Figure 1.19). Udalski (2003) used OGLE data and found that the slope of reddening
line is significantly smaller than that expected from the standard extinction law (Cardelli et al.
1989; Fitzpatrick 1999, Figure 1.20). In infrared wavelengths, Nishiyama et al. (2006a) observed
Galactic center regions (|/| < 270 and 0?5 < |b| < 1°0) with IRSF/SIRIUS. They obtained that
Ay i Ag : Akg =1 :0.573 £0.009 : 0.331 +0.004 and E;j_g/Efg-ks = 1.72 £ 0.04. Also,
they found the steeper power law A; o« A7 in infrared compared with Rieke & Lebofsky
(1985, Ay oc A719%) or Cardelli et al. (1989, A, o A~1-01), and a small variation across the
survey regions. Nishiyama et al. (2008) added the OGLE V-band data, and discovered that
Ay 1 Ay Ag : Agg =1 :0.188 : 0.108 : 0.062. The obtained ratio Ax, /Ay ~ 1/16 is much
smaller than that usually used (Agg /Ay ~ 1/10). Nishiyama et al. (2009) extended the study to
longer wavelengths to 8.0 um using RC stars and upper RGB stars from Spitzer Space Telescope
Legacy program, Galactic Legacy Infrared Mid-Plane Survey Extraordinaire II. They derived that

16



1.3. ABSOLUTE MAGNITUDES OF RC STARS

-05 - —+
rﬁ — — r————

3 T i

u> _________________________
Z o 8 th {
>
2 iy
0.5 - T 5 0 5
ta=2.4840.13 1\ 2=2.49£0.19, 1[deg]

-0.2 -0.1 0 0.1 0.2 -0.2 0.1 0 0.1 0.2
S(V-T)

Figure 1.19: (left) The distribution of reddened RC stars in (V — I, V) for two regions at [ = 02923
(BW3) and [ = —4?853 (MM5). The solid line indicates the least-squares fit to the distribution.
(right) The values of Ay /Ey_; for some regions with different Galactic longitude. These figures
are taken from Wozniak & Stanek (1996), reproduced by permission of the AAS.

Ay i Ag : Agg  Apel  Apsy Asg)  Ago) = 3.02:1.73:1:0.50 : 0.39 : 0.36 : 0.43, and
confirmed that the extinction curve becomes flat at 4 > 3 ym (Figure 1.21). Nataf et al. (2013)
combined OGLE-III V- with /—band data with VVV and 2MASS data, and discovered that the
I-band extinction is well fitted by A; = 0.7465 X E(V —1)+1.3700 X E(J — Ks). Recently, Alonso-
Garcfa et al. (2017) obtained a much steeper power law A, o« 17247 compared with Nishiyama
et al. (2006a, 2009) from the VVV survey.

RC stars has also been used to create extinction maps. Stanek (1996) applied the RC method
to the 40’x 40" of Baade’s Window using the OGLE data, and constructed an extinction map with
resolution of ~30” (Figure 1.22). Sumi (2004) conducted more precise investigation of the OGLE
data for wider regions, and presented the reddening map for 11 deg? (Figure 1.23). Gonzalez et al.
(2018) used the photometric catalog of VVV survey and constructed the reddening map for the
region —10° </ < 10° and —1%5 < b < 1?5 in NIR wavelengths (Figure 1.24).

Extinction maps have also been constructed for the LMC. Subramaniam (2005) utilized the
OGLE-II V- and /-band photometry to create the reddening map for the bar region of the LMC
(Figure 1.25). Haschke et al. (2011) constructed extinction maps of both LMC and SMC using
OGLE-III photometric data (Figure 1.26). Tatton et al. (2013) investigated 30 Dor region suffered
from the strongest interstellar extinction is the LMC using the VISTA near-infrared Y /K Public
Survey of the Magellanic Clouds system (VMC survey, Cioni et al. 2011, Figure 1.27).

1.3 Absolute magnitudes of RC stars

Paczynski & Stanek (1998) stated that distance determination with stars suffer from at least four
problems.

17



CHAPTER 1. INTRODUCTION

15

CCM89 (R,=3.1)

16

| (magnitude)

mereREAt S R .
17 [ =epnines OGLE-Il I-filter B N —
- — - Standard Ifilter (Landolt) I A -]
- ~ Ut -
c v b v by v b v b b S ey
2.2 24 2.6 2.8 3 3.2 34
V-

Figure 1.20: The location of the peak magnitudes of RC stars in (/, V — I) CMD. Sollid lines
represent the best-fit for observational data, dotted lines represent the standard extinction laws for
OGLE-II /-band filter, and dashed lines represent the standard extinction laws for Landolt /-band
filter. Lower lines indicate Cardelli et al. (1989), and upper lines indicate Fitzpatrick (1999). This
figure is taken from Udalski (2003), reproduced by permission of the AAS.
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Figure 1.21: Extinction ratios (A,/Akg) toward the Galactic center regions as a function of
wavelength. Some previous studies are also shown. This figure is taken from Nishiyama et al.
(2009), reproduced by permission of the AAS.
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Figure 1.22: An extinction map toward Baade’s Window. The strength of the interstellar extinction
Ay is represented by gray scale. Two filled circles indicate the globular clusters NGC 6528 (left)
and NGC 6522 (right). This figure is taken from Stanek (1996), reproduced by permission of the

AAS.
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Ay is represented by gray scale. This figure is taken from Sumi (2004), reproduced with the

permission of Oxford University Press.
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Figure 1.24: A reddening map for the Milky Way bulge, —10° < / < 10° and -2°0 < b < 220.
Dashed boxes represent the regions analyzed by Gonzalez et al. (2018). This figure is taken from

Gonzalez et al. (2018), reproduced with the permission of Oxford University Press.
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Figure 1.25: The reddening map of the bar region of the LMC. The strength of reddening is
presented by some different colors. The center of the LMC is displayed by the plus sign. This figure
is taken from Subramaniam (2005), reproduced with permission from Astronomy & Astrophysics,

© ESO.
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Figure 1.26: (top) The redding map of the LMC. The strength of the reddening is shown as color
scale. Two white lines indicate the bar region. The asterisk represent the center of the LMC.
(bottom) The reddening map of the SMC. The strength of the reddening is shown as color scale.
The asterisk represent the center of the SMC. These figures are taken from Haschke et al. (2011),

reproduced by permission of the AAS.
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Figure 1.27: An extinction map toward 30 Dor in the LMC. The strength of the extinction is
presented by color scale. This figure is taken from Tatton et al. (2013), reproduced with permission
from Astronomy & Astrophysics, © ESO.
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[Fe/H]

Figure 1.28: K-band absolute magnitudes as a function of [Fe/H] for the 238 RC stars with
Hipparcos parallaxes. Cross in the lower right is the typical error bar. This figure is taken from
Alves (2000), reproduced by permission of the AAS.

1. The accuracy of absolute magnitudes for the nearby stars

2. Interstellar extinction must be determined

3. The mass, age, and metallicity dependence of absolute magnitude (population effect)
4. The statistical error

RC stars are the only type of stars that overcome the fourth problem because the number of them
is numerous, contrary to the variable stars with the period-luminosity relation, such as Cepheid,
RR Lyrae, and Mira variables.

When RC stars came into use as a standard candle, the population effect was considered to be
small especially in longer wavelengths (not much suffered from the third problem). Paczynski &
Stanek (1998) claimed that /-band magnitudes of RC stars showed no color dependence, and thus
population effect is small (Figure 1.4). Alves (2000) investigated the metallicity dependence of
the K-band absolute magnitudes of RC stars with compiling many previous work (mainly from the
Caltech Two Micron Sky Survey, TMSS), Hipparcos parallaxes, and [Fe/H] from high-resolution
spectroscopic data, and confirmed small metallicity dependence (Figure 1.28). Interstellar extinc-
tion is also small in K-band, and the second problem should be minimized.

However, it came to be recognized that the population effect cannot be ignored to use them
as an excellent standard candle, as both theoretical and observational research on the RC stars
has proceeded. From theoretical side, Girardi & Salaris (2001) investigated the population effects
on the V- and /-band absolute magnitudes, and Salaris & Girardi (2002) studied the effects in
the K-band (Figure 1.29). They determined absolute magnitudes of RC stars using evolutionary
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tracks and isochrones from Girardi et al. (2000). They calculated the mean magnitudes of RC stars

(< M, >) for a given isochrone of age and metallicity (¢, Z) using the following equation

1 CHeB
< My(1,Z) >= =2.5log [m / P(m;) 1070 Magm, | | (1.17)

where M is the absolute magnitude of each filter, ¢(m;) is the Salpeter initial mass function, and

m; is the initial mass of each star. Ngc is the number of RC stars per unit mass and is calculated by

CHeB
Nrce(t,Z) 2/ d(my)dm; . (1.18)

From their results, the longer the wavelength, the smaller the dependence of absolute magnitude
on metallicity, and it does not depend much on metallicity in NIR wavelengths except for very
metal-poor RC stars. Meanwhile, they predict that the age dependence of the absolute magnitude
is not simple such that there is only weak age dependence for RC stars older than 2 Gyr, but there
is strong age dependence for RC stars younger than 2 Gyr.

Many observational studies have confirmed small metallicity dependence of NIR magnitudes
of RC stars. As described above, Alves (2000) verified the small metallicity dependence in the
K-band

Mg = (0.57 £ 0.36)[Fe/H] — (1.64 + 0.07). (1.19)

We note that only low mass star with relatively high metallicity ([Fe/H] » —1.5) can evolve to
RC stars. Groenewegen (2008) investigated /- and Ks-band metallicity dependence using revised
Hipparcos parallaxes, photometric data from TMSS, the Deep Near Infrared Survey of the Southern
Sky (DENIS), and the Two Micron All Sky Survey (2MASS) point source catalog (PSC), and
spectroscopic [Fe/H] values from various work. They confirmed marginal metallicity dependence
of I-band absolute magnitude ((0.08 + 0.07)([Fe/H] + 0.15)) and no metallicity dependence of
Ks-band absolute magnitude (Figure 1.30). Laney et al. (2012) retook JH K-band magnitudes for
the RC stars studied by Alves (2000) using 0.75-m telescopes at the Southern African Astronomical
Observatory and Mk II infrared photometer. They found no significant trend in H- and K-band
absolute magnitudes with metallicity at least for stars with [M/H] higher than —0.6 (Figure 1.31).
Grocholski & Sarajedini (2002) and van Helshoecht & Groenewegen (2007) investigated RC stars
in the Milky Way star clusters with 2MASS PSC, and negligible metallicity dependence of K-band
absolute magnitude for RC stars with —0.5 < [Fe/H] < 0.4 (Figure 1.32).

On the other hand, age dependence has not been investigated extensively because it is difficult
to know the ages of RC stars. So far, the studies are limited to the work using Milky Way star
clusters or age that derived from asteroseismology. Grocholski & Sarajedini (2002) studied the
RC stars in the Milky Way star clusters as described above, and little age dependence of K-band
absolute magnitude with 10%2 < Age < 10°, but relatively strong age dependence was seen in
RC stars younger than ~2 Gyr as the theoretical model predicted. van Helshoecht & Groenewegen
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Figure 1.29: Model predictions for the absolute magnitudes of RC stars as a function of age
for several metallicities (top: K-band, middle: I-band, bottom: V-band). The different colors
represent the difference of metallicities (from black to brown, [Fe/H] = —1.68, —1.28, —0.68,
—-0.38, 0.00, and 0.20). The data of the top panel is taken from Salaris & Girardi (2002), and the
data of the middle and bottom panels are taken from Girardi & Salaris (2001).
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Figure 1.30: M; (left) and Mk (right) as a function of [Fe/H]. The dashed lines represent the best-fit
(M = (0.08 £0.07)([Fe/H] +0.15)). The best-fit relation for M is not described in Groenewegen
(2008). These figures are taken from Groenewegen (2008), reproduced with permission from
Astronomy & Astrophysics, © ESO.
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Figure 1.31: My (left) and Mk (right) versus [Fe/H] for the 226 RC stars. Filled circles indicate
the RC stars with five astrometric parameters, and open circles represent the other RC stars. These
figures are taken from Laney et al. (2012), reproduced with the permission of Oxford University

Press.
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Figure 1.32: K-band absolute magnitudes of RC stars in star clusters as a function of log(¢) (top) and
[Fe/H] (bottom). Open circles indicate the open clusters and filled triangles represent the globular
clusters. These figures are taken from van Helshoecht & Groenewegen (2007), reproduced with

permission from Astronomy & Astrophysics, © ESO.
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Figure 1.33: The age dependence of K and W2 absolute magnitudes. Different symbols indicate
different log(g). Interstellar extinction is corrected. Lines display the best-fit relations derived by
slightly different methods. Stars with age errors smaller than 30 per cent are plotted. These figures

are taken from Chen et al. (2017), reproduced by permission of the AAS.

(2007) also investigated the RC stars in the Milky Way star clusters and concluded that negligible
metallicity dependence of K-band absolute magnitude with 1035 < Age < 10°°. However, young
RC stars have a large scatter and the similar trend to the model prediction can be seen (Figure 1.32).
Chen et al. (2017) used age and distance derived from asteroseismology, and derived very weak
age dependence of K5 and WISE W2 absolute magnitudes for RC stars older than 2 Gyr

Mg, = (0.015  0.003)7 — (1.715 + 0.016), (1.20)
My = (0.017 +0.003)7 — (1.682 = 0.016), (1.21)

where 7 is the age in Gyr, but younger RC stars shows a large scatter of magnitudes (Figure 1.33).
Unfortunately, detailed age dependence of absolute magnitudes for young RC stars could not be
studied because of relatively large age errors.

Therefore, the observational research on the age dependence of RC stars is not enough. For
the studies using the Milky Way star clusters, the small number of samples is the main limitation,
and for the study using asteroseismology, the relatively large uncertainty in age is the limitation.
Thus, the number of samples with both age and metallicity information is quite limited, and the
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parameter space has not been covered enough up until now. So far, the correction of the population

effect can be applied by theoretical models.

1.4 Star Clusters in the Large Magellanic Cloud

We use star clusters in the LMC to fill the parameter space, which previous research has not
observationally studied. Star clusters in the LMC have different age and metallicity from Milky
Way star clusters. Star clusters in the LMC are more metal-poor than star clusters containing RC
stars in the Milky Way. Therefore, we can expand the parameter space to the more metal-poor
and younger range. Moreover, the LMC has the almost face-on position in the sky, and is distant
enough to be considered as the stars in the galaxy are at the same distance, so the uncertainty of the
distance does not much affect the determination of absolute magnitudes of RC stars. In addition
to these advantages, there are many young star clusters in the LMC, so we can investigate the age
dependence of young RC stars where large age dependence is predicted from theoretical models.

Unfortunately, only one cluster with age between approximately 3 and 12 Gyr has been found
(Geisler et al. 1997, the boundary values are different depending on literature). The reason why
this cluster age-gap exists has not yet been understood, and the nature and cause of the age-gap
attract great interest. On the other hand, it has been confirmed from observations with Hubble
Space Telescope that the corresponding age-gap does not exist in the field stars (Holtzman et al.
1999; Smecker-Hane et al. 2002).

RC stars in the LMC star clusters have not been studied because they are too faint to determine
their mean magnitude reliably in past NIR surveys such as 2MASS. Hence, we conducted NIR
observations of the clusters using the IRSF. The long exposure time of our observations makes it
possible to determine the mean RC magnitude in the LMC clusters. We also use the photometric
data from the VMC survey. VMC photometric data are very deep and RC stars in the LMC are

easily detected.

1.5 RC stars and stellar evolution

For low-mass CHeB stars, the theory of stellar structure and evolution is sophisticated. However,
the basic theory has mainly three uncertainties.

1. The precise parameters of stars (e.g., core and envelope mass, chemical profile) with different

masses and metallicities when they become CHeB stars
2. Convective processes at the core border

3. Nuclear reaction rate '>C(e, 7)'60
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The luminosity of RC stars is mainly determined by core and envelope masses. For low-mass stars,
the core mass at He ignition, M2, . is nearly constant regardless of the initial mass of stars (Figure
1.34). These low mass stars have electron-degenerate cores at the RGB phase, and the cores are
supported by degeneration pressure. When the core mass reaches 0.5 Mg (the mass slightly
changes with the chemical composition), core He ignition occurs. This ignition is explosive and
so-called He flash. For more massive stars, the temperatures of He cores are high enough to occur
He ignition before He cores become strongly degenerated. These stars quietly turn into CHeB
phase, and M?

ore 18 nearly proportional to the initial mass of stars (Figure 1.34).

This general picture has been confirmed by many independent theoretical calculations (e.g.,
Sweigart et al. 1990; Castellani et al. 2000; Girardi et al. 2013). However, the behavior of the
parameters of stars with masses around the critical mass of He flash is not settled. The first problem
is the critical mass of He flash has not yet understood. This critical mass is related to the minimum

mass of M°

core- This mass is the boundary between low- and intermediate-mass stars. One of

the factors that lead to mass uncertainty is the uncertainty of convective processes. The weaker
convective mixing becomes, the higher critical masses become. The minimum mass of M2, ., is
associated with the faintest luminosity of RC stars. Therefore, if the faintest absolute magnitude
of RC stars around 1 Gyr is determined from the observation, the critical mass of He flash can be

obtained, and then the convective processes could be confined.

The second problem is how sharp MY, . drops between electron degenerated and not degenerated
cores. The theoretical model by Sweigart et al. (1990) indicated that this transition occurs within
the mass range smaller than ~ 0.1 Mg. More recent calculation with the high mass resolution
by Girardi et al. (2013) suggested that this transition would occur in less than 0.01 Mg. These
behaviors are related to the population effect around 1-2 Gyr, and thus we can limit these behaviors

from observations.

This uncertainty causes some differences in model predictions. One example is the differences
between Salaris & Girardi (2002, Figure 1.29) and Girardi (2016, Figure 1.35). Comparing
these two models, the general behavior is similar but the behavior between 2-4 Gyr is different.
In Salaris & Girardi (2002), the more metal-rich RC stars are, the brighter K-band absolute
magnitude becomes. However, the more metal-rich RC stars are, the fainter K-band absolute
magnitude becomes in Girardi (2016) prediction.

In addition to the above problems, mass loss rate before CHeB phase is another uncertainty
source. For relatively high mass stars, this uncertainty does not much affect the absolute magnitudes
because the lifetime of stars is not long and the decrease of their masses are little. However, low
mass stars lose substantial masses because their lifetime is long. Therefore, we can obtain the
information about the mass loss rate before CHeB phase by investigating the absolute magnitudes
of old RC stars.
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Figure 1.34: Four parameters of the early time of CHeB stars as a function of mass and metallicity.
Each panel shows (a) the He core mass, (b) the total stellar luminosity, (c) the luminosity ratio of
H-burning shell to He-burning core, and (d) the lifetime of CHeB stars. This figure is taken from
Girardi (2016), reproduced with the permission of Annual Reviews.
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1.6 Structure of This Thesis

In chapter 2, we show the data and methods to determine NIR magnitudes of RC stars with the
IRSF and VMC data. The results and comparison with previous work are presented in section
3. Chapter 4 is our conclusions. Part of this thesis with the IRSF data is the modified version
of the paper entitled "The Age and Metallicity Dependence of the Near-Infrared Magnitudes of
Red Clump Stars" by Onozato et al. that has been submitted to the Monthly Notice of the Royal
Astronomical Society (MNRAS). Another part of this thesis with the VMC data is the modified
version of the paper entitled "The Age and Metallicity Dependence of the Near-Infrared Magnitudes
of Red Clump Stars II" by Onozato et al. that will be submitted to the MNRAS.
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Chapter 2

The Data

2.1 IRSF data

2.1.1 Sample selection

When we investigate the metallicity and age dependence of absolute magnitudes of RC stars in
clusters, it is important that metallicities and ages of the clusters have been determined using the
same techniques. We can avoid systematic errors by using uniform samples. As a catalog that
satisfies this condition, we used the LMC star cluster catalog compiled by Palma et al. (2016). The
Palma’s catalog lists 277 clusters.

From the catalog, we first selected clusters that had both age and metallicity information. Then,
we chose clusters whose radii are larger than 0/65 (9.5 pc at 50 kpc) as our target clusters because
we cannot detect the number excess of RC stars for small clusters. We excluded clusters that are in
the bar region from the target (Figure 2.1), since these clusters are heavily contaminated by field
stars. The number of clusters at each selection process is shown in Table 2.1. Finally, 15 clusters
were selected to be observed by ourselves. Among the 15 clusters, we have detected a clear RC
peak in its luminosity function for 10 clusters (see below for more detail). Figure 2.2 shows age
and metallicity distribution of our target clusters, compared to clusters observed by van Helshoecht
& Groenewegen (2007). This figure also contains VMC samples (see section 2.2). Most of our
target clusters in the LMC ranges from 1 to 3 Gyr in age and from —1.0 to —0.4 dex in [Fe/H],
where van Helshoecht & Groenewegen (2007) have few samples. In this age range, a strong age
dependence of the RC absolute magnitudes is predicted. Our target clusters have lower metallicity
than the clusters used in van Helshoecht & Groenewegen (2007). In the very low metallicity region,
theoretical models predict relatively strong metallicity dependence of absolute magnitudes. Our
sample clusters allow us to investigate the dependence of the RC magnitudes at lower metallicity
range than in our Galaxy.

35



CHAPTER 2. THE DATA

DSS2 color

Figure 2.1: The distribution of the IRSF sample clusters.

Table 2.1: The number of star clusters at each selection process

Selection process number of clusters
clusters in Palma et al. (2016) 277
clusters with age and metallicity 176
clusters larger than 0/65 26
clusters in outer region (observed) 15
clusters that have significant RC excess and can be fitted by equation (1.1) 10
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Figure 2.2: Age and metallicity distribution of IRSF target clusters (orange circles), VMC sample
clusters (cyan crosses), and clusters observed by van Helshoecht & Groenewegen (2007, green

squares).

2.1.2 Age and metallicity of Palma’s catalog

As described above, we used Palma et al. (2016) as the list of the LMC star clusters. This catalog
contains 277 star clusters in the LMC. Within the 277 star clusters, 235 star clusters were collected
by 16 previous studies, and 42 star clusters were newly observed in their work. All of these star
clusters were observed using the Washington photometric system, and the parameters of the star
clusters were obtained by the same procedures. Therefore, we can gain a uniform and homogeneous
star cluster sample. Unfortunately, the number of star clusters in the catalog are limited compared
to the total number of star clusters in the LMC. The LMC is very populous and the total number of
star clusters that have been confirmed in the LMC is more than 3000 (Bica et al. 2008). However,
the Palma’s catalog is the largest uniform LMC star clusters samples up until now.

The Washington photometric system was originally developed by Canterna (1976) to study G
and K giants. This photometric system is composed of four filters, C (the effective wavelength is
3910 A), M (5085 A), T; (6330 A), and T, (8050 A, Figure 2.3). The accuracy of determining
metallicity using this system was improved by Geisler et al. (1991). This system has been widely
used to investigate star clusters with various age (from young to old) in the Milky Way (e.g., Clarid
et al. 2007; Piatti et al. 2009) and in the Magellanic Clouds (Geisler et al. 2003). The advantage of
this system is that the C and T filters are approximately three times more sensitive to metallicity
than the Johnson V and [ filters.

The ages and metallicities of the star clusters were determined by two independent procedures.
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Figure 2.3: The relative response curve of the four filters of the Washington system. This figure is
taken from Canterna (1976), reproduced by permission of the AAS.

In both procedures, (C—T7, T1) CMD is used to determine the ages and metallicities. First, field star
contamination was cleaned by a statistical method developed by Piatti & Bica (2012). The expected
number density of field stars was computed and subtracted randomly. For the cleaned CMDs of
the clusters, isochrone fitting was done in the first method. Interstellar extinction was estimated by
interpolating the extinction maps created by Burstein & Heiles (1982) using HI (21-cm) emission
data. The values of E(B — V) are small (< 0.23), so the uncertainty of these values would not
be a large error source. As the distance modulus to the LMC, (m — M)y = 18.50 + 0.10 (Saha
et al. 2010) was applied. Subramanian & Subramaniam (2009) reported that the average depth
of the LMC disk is 3.44 + 0.16 kpc. This leads to ~0.13 mag difference at the distance modulus
of 18.50 mag. This value is smaller than the average uncertainty of isochrone fitting (~0.3 mag).
Therefore, the uncertainty of the distance also would not be a large error source. Conversely, we
cannot determine the distance to the individual LMC star clusters by isochrone fittings. Two types
of theoretical isochrones were used for validation. One is developed by the Padova group (Girardi
et al. 2002; Bressan et al. 2012), and the other is developed by Geneva group (Lejeune & Schaerer
2001). According to Palma et al. (2016), nearly similar results were obtained from Girardi et al.
(2002) and Lejeune & Schaerer (2001), but slightly different results were obtained from the newer
isochrone (Bressan et al. 2012, Figure 2.4). From Figure 2.4, the estimated ages are 20-30 per cent
different in Girardi et al. (2002) isochrones and Bressan et al. (2012) isochrones. For the newer data
in the catalog, Bressan et al. (2012) isochrones were used for fittings because metallicity intervals
are smaller that Girardi et al. (2002) isochrones, and more precise parameters could be obtained.
However, some older data collected from previous papers used Girardi et al. (2002) isochrones.
For these clusters, metallicity values have lower accuracy than those calculated by Bressan et al.
(2012). In our sample clusters, the ages and metallicities of NGC 1997 and NGC 2161 were
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Figure 2.4: The comparison of the cluster ages estimated by two isochrones, Girardi et al. (2002)
and Bressan et al. (2012). This figure is taken from Palma et al. (2016), reproduced with permission
from Astronomy & Astrophysics, © ESO.

derived using Girardi et al. (2002) isochrones.

In the second method, the difference in 71 magnitude (677) between RC stars and main sequence
turn off in the (C — T, T1) CMD was used. The age was estimated using the equation obtained by
Geisler et al. (1997)

Age(Gyr) = 0.23 +2.31 x 6Ty — 1.80 x 6T} + 0.645 x 6T . 2.1

The estimated typical errors are +0.3 Gyr, and the majority of the estimated ages are consistent
with the ages obtained by isochrone fittings within the uncertainty. This method can be used for
star clusters with a sufficient number of RC stars because the magnitude of RC stars are critical to
derive 07;. Therefore, the ages of young clusters (< 1 Gyr) were not obtained from this method.
Metallicities were obtained by the absolute magnitudes My, and the dereddened colors (C — T})o
of RGB stars. This method is so-called standard giant method (Geisler & Sarajedini 1999). The
dereddened colors were derived from

E(C-T\)=197E(B-V), 2.2)
and the absolute magnitudes were calculated by
My, =T, +0.58E(B - V) - 18.50. 2.3)

39



CHAPTER 2. THE DATA

0 T
sk
o=t OGLE III i
Al
0.2 02 MCPS J
s
-0.3
2
-0.4
1r —
o et
ol 0.5 S0a [ i
> =
_af -0.6
b -0.7
3 0.8 06 h
-4r 0.9
s}
. -1
= -4 3 2 1 ] 1 2 3 4 3
X (° [Fe/H]
© N T T
0 2 4 6

De—projected radius (kpc)

Figure 2.5: (left) A metallicity map created from photometric metallicity using the Magellanic
Cloud Photometric Survey (MCPS). (right) Metallicity distribution as a function of the de-projected
radius. Red points represent OGLE III data, and blue points indicate MCPS. These figure is taken
from Choudhury et al. (2016), reproduced with the permission of Oxford University Press.

The typical errors of metallicities derived from this method are 0.3 dex, and most of the derived
metallicities are consistent with the metallicities calculated by isochrone fittings within the un-
certainty. These techniques are applicable only for older clusters (> 2 Gyr, Geisler & Sarajedini

1999), so the metallicities of younger clusters were not derived from this method.

To verify the accuracy of these methods, we investigated the metallicity gradient of the LMC star
clusters. Asis the case with the Milky Way and other spiral galaxies, it is known that the metallicity
gradient exists in the LMC (Choudhury et al. 2016, Figure 2.5). From their results, the average
metallicity varies from —0.2 (center) to —0.5 dex (outside). Star clusters in Palma et al. (2016)
show the similar trend that clusters at inner regions are metal-rich and clusters at outer regions are
metal-poor as can be seen in Figure 2.6, although the scatter is relatively larger. However, there
are many clusters with [Fe/H] = —0.4 dex. The majority of the metallicities of these clusters
were estimated using Girardi et al. (2002) isochrones. The metallicities of some clusters with
[Fe/H] = —0.7 dex were also derived from Girardi et al. (2002) isochrones, although the number
of clusters is small. These clusters deviate from the metallicity gradient trend. Considering the
metallicity intervals of 0.3 or 0.4 dex, the accuracy of metallicity determination is 0.3 dex or worse

for these clusters.

We used the ages and metallicities of star clusters derived by the isochrone fitting method.
However, Palma et al. (2016) did not derive the ages and metallicities of the three clusters (KMHK
21, ESO 85-72, and ESO 121-3) in our samples from the isochrone fittings. Therefore, we applied
the ages and metallicities derived from the second method for these three clusters. From the catalog
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Figure 2.6: The metallicity distribution of star clusters in Palma et al. (2016) as a function of

de-projected distance from the LMC center.

data, we can consider that the accuracy of the ages are 20-30 per cent and the metallicities are
0.3 dex.

2.1.3 Observation

Observations were performed using the SIRIUS camera equipped on the IRSF 1.4-m telescope
(Nagashima et al. 1999; Nagayama et al. 2003) in the South African Astronomical Observatory
in 2017 November and December. SIRIUS can collect JH Ks-band images simultaneously with a
7/7 x 71!7 field of view with a pixel scale of 07’45 pixel~!. The seeing size was typically 1.5 arcsec
and sometimes reached to 0.9 arcsec. The exposure time of each image was 20 s and 25 images
were taken in each dithering set. The number of the observation sets were from 35 to 41. Observed

clusters and their observational information are listed in Table 2.2.

2.1.4 Data reduction

We reduced the obtained images by the standard data reduction process. We used pyIRSF pipeline
software! for this reduction. The outline of the reduction process is as follows. First, a dark frame
was subtracted from each raw image to remove the effect of the dark current. Ten dark frames were
combined with average values to make a dark frame. Then we did flat-field division to correct

ununiform sensitivity of each pixel. Twilight-flat exposures were used to produce the flat-field

thttps://sourceforge.net/projects/irsfsoftware/
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Table 2.2: List of observed star clusters
Cluster name RA (J2000) Dec (J2000) Observation Date  Number of combined images total exposure time (sec)

KMHK 21 04" 37m 525 -69°01'42" 2017 Nov 16 925 18500
KMHK 337 04" 57™ 345 -65°1600" 2017 Nov 22 1025 20500
ESO 85-72 05" 20™ 05°  -63°28749" 2017 Nov 11 900 19000
NGC 1997 05" 30m 345 -63°12/12" 2017 Nov 10 800 16000
IC 2140 05" 33m 215 -75°22’35" 2017 Dec 3 925 18500
KMHK 1281 05"43m20° -66°15'44" 2017 Dec 12 975 19500
NGC 2161 05" 55m 425 -74°21"14" 2017 Nov 27 1000 20000
NGC 2155 05" 58™ 335 -65°28’37" 2017 Nov 30 1000 20000
ESO 121-3 06" 02™ 02 -60°3124" 2017 Nov 9 875 17500
NGC 2213 06" 10m 425 -71°31"44" 2017 Dec 11 975 19500

image. Several dozen pairs of images with dimming or brightening twilight sky were collected
from twilight-flat images, and the difference between two images of the pairs was combined to
make a flat-field image after each image was normalized. After flat-field divisions were performed,
then sky frames were subtracted to remove the background pattern of the images. Object frames
themselves were used to make sky frames. These dithered images were combined with median
values and no shift. To avoid the effect of cluster stars, we chose large (60’) dithering radii in
the observations. Finally, these sky-subtracted images were combined with average values. The
dithering offsets were shifted using bright stars in the sky-subtracted images.

Point spread function fitting photometry was performed for combined images with
IRAF/DAOPHOT package. We used the 2MASS PSC (Skrutskie et al. 2006) to convert instrumental
magnitudes to calibrated apparent magnitudes. We calculated the weighted mean difference
between instrumental magnitude and 2MASS magnitude in the field of view to decide zero point.
Photometric errors against J H Ks magnitudes for stars in our target clusters are plotted in Figures 2.7
and 2.8. These errors were calculated by the allstar task in IRAF/DaoPHOT package. Typical error
of J-band is 0.04 mag at 18.0 mag, H-band is 0.08 mag at 17.5 mag, and Kg band is 0.20 mag at
17.5 mag.

We used Palma’s catalog value as cluster radii and chose stars in circular regions as cluster stars.
These radii are taken from Bica et al. (2008). For stars within the circles, we plotted color-magnitude
diagrams and decided to use stars with 17.5 mag < Kg < 15.0 mag and 0.2 < J — Kg < 0.8 to fit
the luminosity function of the RC stars (Figure 2.9). We fitted the magnitude distribution of the

stars with equation 1.1. The uncertainty in mﬁ"c is standard error and calculated by
standard error = g , 2.4)
Nrc
where Ngc is the number of RC stars calculated by
Nrc = V2noy X 10d. (2.5

Factor 10 corresponds to the width of histogram bin 0.1 mag. A typical standard error of the RC
mean magnitudes for the clusters is 0.015 mag. Then, reddening was corrected using E(B — V)
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Figure 2.7: Photometric errors versus magnitudes for our target clusters.
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Table 2.3: Cluster Information

Cluster name  Radius (arcmin) E(B-V)  Age (Gyr) [Fe/H] mg my; my my —my

KMHK 21 0.75 0.040 1.60 £0.30 -0.50+0.30 17.485+0.017 16.962 +0.029 16.860 +0.027 0.625 + 0.032
KMHK 337 0.68 0.020 2.00 £0.20 -0.65+0.20 17.381 £0.015 16.900 £ 0.017 16.833 £ 0.013  0.548 + 0.020
ESO 85-72 0.85 0.030 220+ 0.30 -0.65+0.30 17.279 £0.025 16.806 + 0.024 16.799 + 0.017  0.480 + 0.030
NGC 1997 0.90 0.040 2.60 £0.50 -0.70 £0.20 17.374 £0.014 16.889 £0.015 16.857 £0.015 0.517 £ 0.020
1C 2140 1.15 0.111 2.50‘:8:;’8 —0.84‘:8:%% 17.337 £0.020 16.860 £ 0.019  16.794+ 0.019  0.543 + 0.027
KMHK 1281 0.80 0.050 2.00+0.40 -0.90+020 17.272+0.011 16.802+0.011 16.750 +0.014 0.522 + 0.018
NGC 2161 1.15 0.130 1.10 £ 0.30 -0.70” 17.374 £ 0.012  16.961 £ 0.013 16.896 + 0.012 0.478 £ 0..017
NGC 2155 1.20 0.050 320+£0.60 -0.90+0.20 17.254£0.011 16.771 £0.010 16.728 +0.018 0.527 + 0.021
ESO 121-3 1.05 0.030 850+£0.30 -1.05+0.30 17.308 £0.018 16.900 +0.015 16.827 +0.024 0.480 + 0.030
NGC 2213 1.05 0.116 1.50” -0.40 £0.15 17427 £0.012 16.906 £ 0.016 16.915+0.010 0.512 +0.016

¢ Interstellar extinction was corrected by Cardelli et al. (1989) extinction law.
b The uncertainties are not described in Palma et al. (2016)

values from Palma’s catalog and the Cardelli et al. (1989) extinction law. This extinction law takes

the form A bOD)
A
Aaa _ 24 2.
A, d@+&ﬁ (2.6)
where a(A) and b(A) are
a(d) = 0.57427 161 (2.7)
b(2) = -0.527271-61 (2.8)

for infrared wavelengths (0.9 um < A4 < 3.3 um), and we used Ry = 3.1. We only used clusters that
had significant excess of red clump stars. As a consequence, 10 clusters were used to investigate

the magnitude of RC stars. The parameters of the clusters used in this work are listed in Table 2.3.

2.2 VMC data

2.2.1 Sample Selection

As is the case with the IRSF samples, we used the LMC star cluster catalog by Palma et al. (2016) to
avoid the systematic errors of ages and metallicities of the LMC star clusters. For photometric data,
we used the VMC survey Data Release 4 (DR4). The VMC survey is a uniform and homogeneous
survey of the LMC, the SMC, and the Magellanic Bridge with the NIR Y JKj filters. Observations
were conducted using VISTA infrared camera (VIRCAM) on VISTA 4-m telescope in the La Silla
Paranal Observatory. DR4 data were taken from 2009 November to 2013 August. VIRCAM has a
field of view of 1.65 deg? with a mean pixel size of 07339. The 100 detection limit of Y-band is
21.9 mag, J-band is 21.4 mag, and Ks-band is 20.3 mag. These magnitudes are much deeper than
that expected for RC stars in the LMC. DR4 data cover about 8 deg? in the LMC, and the survey
field is shown in Figure 2.10. The center coordinate of each survey tile is presented in Table 2.4.
The VMC survey provides both aperture photometry data and PSF fitting photometry data, and we
used the latter one.
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determine the mean RC magnitude in the clusters.
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Figure 2.10: The survey field of the VMC survey. Red rectangles represent the fields released in
the DR4, and blue rectangles represent the fields which will be observed by the final data release.
This figure is taken from ESO Phase 3 Data Release Description?.

First, we chose the Palma’s clusters that are in the observing field of VMC survey DR4.
From these clusters, we searched the clusters whose peak number densities are two times higher
than the number densities around the clusters when we divided the survey fields into 15”"x 15"
tiles because it is difficult to identify the clusters with low overdensity (Figures A.1 - A.5 in the
Appendix A). Even if the identification is possible, these clusters are heavily suffered from field star
contamination. This effect is especially strong in the bar region (LMC 5_5, LMC 6_4, and LMC
6_6), and we could not find the clusters exceeding the criterion, although these regions have many
clusters (Figures A.2 and A.3 in the Appendix A). We selected 11 clusters by the criterion, but
three clusters do not have metallicity information. Finally, 8 clusters were selected as our sample
clusters, but in these clusters, we could not detect clear RC peaks in the luminosity functions of
six clusters after the contamination of field stars was subtracted. Therefore, we selected only two
clusters as our sample clusters (Table 2.5). The number of star clusters at each selection process is
presented in Table 2.6. The age and metallicity distribution of selected sample clusters is shown

in Figure 2.2.

2http://eso.org/rm/api/v1/public/releaseDescriptions/93
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Table 2.4: The center coordinates of survey tiles

Tile RA Dec
LMC3_5 05:22:43.056 -73:43:25.320
LMC4_2 04:41:30.768 -71:49:16.320
LMC4_3 04:55:19.510 -72:01:53.400
LMC5_5 05:24:30.336 -70:48:34.200
LMC 6_4 05:12:55.800 -69:16:39.360
LMC6_6 05:37:40.008 -69:22:18.120
LMC7_3 05:02:55.200 -67:42:14.760
LMC 8_3 05:04:53.952 -66:15:29.880
LMC 8_8 05:59:23.136 -66:20:28.680
LMC9_3 05:06:40.632 -64:48:40.320

Table 2.5: The equatorial coordnates and radii of our sample clusters

Cluster name RA (J2000) Dec (J2000) Radius (arcmin)
KMHK 105 04" 47™ 308 -72°35'18" 0.92
2MASX J05283953-7337514 05h 28™ 39 -73°37749" 1.08

Table 2.6: The number of star clusters at each selection process

Selection process number of clusters

clusters in Palma et al. (2016) 277
clusters observed by VMC survey DR4 95
clusters with two times higher peak densities than those in field regions 11
clusters with age and metallicity 8
clusters that have significant RC excess and can be fitted by equation (1.1) 2
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Figure 2.11: The density profiles of our sample clusters. Horizontal lines represent the median star
densities of field regions (120-180 arcsec), and Vertical lines represent cluster radii. We defined

the cluster radii where the star densities equal the median densities of field regions.

2.2.2 RC magnitudes determination

After sample clusters were selected, we decided the radii of sample clusters. We defined the cluster
radii at which the star densities equal the densities of field regions (Figure 2.11). The densities
of field regions were determined from the median densities between 120 and 180 arcsec from
the cluster centers. Using the determined cluster radii, we plotted the CMDs of sample clusters
(Figure 2.12). We used stars with 18.0 < Kg < 15.0 and 0.2 < J — Kg < 0.8 to fit the luminosity
function of the RC stars. We used equation (1.1) as a fitting function as is the case in the IRSF data.
Before we fit the function to the luminosity functions, field star contamination was subtracted. The
luminosity functions of field regions were obtained from the regions between 120 and 300 arcsec
from the cluster centers and then multiplied area ratios. This luminosity functions of field stars

were subtracted from the luminosity functions of cluster regions and fitted to the equation (1.1).

RC
P

et al. (1989) extinction law was applied to correct the interstellar extinction.

The uncertainty in m%*~ is also calculated in the same manner with the IRSF data. The Cardelli
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Figure 2.12: J — K versus Ks CMDs of our target clusters. All stars within the box are used to
determine the mean RC magnitude in the clusters.
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Chapter 3

Results and discussion

The JHKs magnitude distribution of the RC stars and fitting results for the IRSF data are shown in
Figures 3.1 and 3.2, and Y J K magnitude histograms for VMC data are provided in Figure 3.3 and
3.4. RC magnitudes derived from the fittings using equation (1.1) are listed in Tables 2.3 and 3.1.
To verify the robustness of obtained magnitudes, we changed the bin size to narrower value 0.05
and wider value 0.20 (Tables 3.2 and 3.3). For the bin size of 0.05, we obtained consistent results
within the standard errors. For the bin size of 0.20, some star clusters show the relatively large

difference compared to the standard errors. However, this difference does not affect our discussion.

The m, values for the star clusters in our sample versus age are plotted in Figure 3.5, and the
m, versus metallicity are plotted in Figure 3.6. Figures 3.7 and 3.8 present comparison of our
Ks-band results with data from van Helshoecht & Groenewegen (2007) and the model of Salaris &
Girardi (2002). In these two figures, apparent magnitudes of our results are converted to absolute
magnitudes using the distance modulus to the LMC (18.493 mag, Pietrzynski et al. 2013). We
assume that all clusters in the LMC are at the same distance because we cannot obtain the distance

information on each cluster from Palma’s catalog.

3.1 Age dependence

Apparent magnitudes my, my, myg, mg, show the same trends that older RC stars are brighter
within 1-3 Gyr, and much older RCs are slightly fainter (Figure 3.5). These are the same trends

Table 3.1: Cluster Information
Cluster name E(B-V) Age(Gyr) [Fe/H] mg m§ mg my —mg.
KMHK 105 0.116  1.58+020 -0.57° 17.740 £ 0.018 17.374 +0.018 16.894 = 0.022 0.480 + 0.028
OMASX J05283953-7337514  0.106  1.80 +£0.20 -0.66° 17.677 +0.026 17.389 +0.021 16.914 +0.018 0.475 + 0.027

¢ Interstellar extinction was corrected by Cardelli et al. (1989) extinction law.

b The uncertainty is not described in Palma et al. (2016)
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Figure 3.1: The distribution of the RC stars as a function of their magnitudes in the J- (left), H—
(center), and Kg-bands (right). The fitting results with the equation (1.1) are shown by red lines.
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Figure 3.3: The luminosity functions of the RC stars as a function of their magnitudes in the Y-
(top), J— (center), and Kg-bands (bottom) for KMHK 105. (left) The luminosity functions of
the cluster region. (center) The luminosity functions of the field region. (right) The luminosity

functions of the star cluster. The luminosity functions of the field region are subtracted from that

of the cluster region. The fitting results with the equation (1.1) are shown by red lines.
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Figure 3.4: The same plot as Figure 3.3, but for 2MASX J05283953-7337514.
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Table 3.2: The standard errors and the magnitude difference for other bin size fittings for IRSF

data
Standard error bin size of 0.05 bin size of 0.2

Cluster name J H K J H Ks J H Kg

KMHK 21 0.017 0.029 0.026 0.028 0.015 0.028 0.078 0.016 0.014
KMHK 337  0.015 0.017 0.013 0.041 0.003 0.013 0.030 0.027 0.076
ESO 85-72 0.025 0.024 0.017 0.029 0.022 0.001 0.013 0.006 0.059
NGC 1997 0.014 0.015 0.015 0.028 0.001 0.016 0.000 0.039 0.082
IC 2140 0.020 0.019 0.019 0.017 0.010 0.008 0.019 0.002 0.003
KMHK 1281 0.011 0.011 0.014 0.004 0.003 0.011 0.020 0.044 0.013
NGC 2161 0.012 0.013 0.012 0.003 0.012 0.004 0.023 0.015 0.015
NGC 2155 0.011 0.010 0.018 0.005 0.029 0.018 0.000 0.007 0.016
ESO 121-3 0.018 0.015 0.024 0.003 0.007 0.012 0.005 0.004 0.016
NGC 2213 0.012 0.016 0.010 0.003 0.011 0.016 0.070 0.004 0.014

Table 3.3: The standard errors and the magnitude difference for other bin size fittings for VMC

data
Standard error bin size of 0.05 bin size of 0.2
Cluster name Y J Kg Y J Ky Y J Ky
KMHK 105 0.018 0.018 0.022 0.020 0.011 0.021 0.066 0.081 0.036

2MASX J05283953-7337514 0.026 0.021

0.018 0.022 0.007 0.038 0.064 0.084 0.084
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Figure 3.5: Mean RC magnitude versus age in the Y- (upper left), J- (upper right), H- (lower left),

and Kg-bands (lower right). Circles represent the IRSF data, and crosses represent the VMC data.

Metallicity differences are shown by color scales.
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Figure 3.7: The comparison of Kg-band absolute magnitudes between model predictions and
observations. Solid lines represent model prediction for some different metallicities from Salaris
& Girardi (2002). Circles represent the IRSF data, squares are data from van Helshoecht &
Groenewegen (2007), and crosses are the VMC data. Metallicity difference is illustrated by the

color scale.
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Figure 3.8: The same plot as Figure 3.7 but changing the plot range to focus on the samples between
1 and 3 Gyr.
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seen in VJK-band data (Percival & Salaris 2003, although they have only three or four data points
in the same age range) and in K-band data (Grocholski & Sarajedini 2002; van Helshoecht &
Groenewegen 2007) for the Milky Way clusters. Theoretical models (Salaris & Girardi 2002;
Girardi 2016) predict very similar trends to our results, although the individual values of absolute
magnitudes are slightly different (Figure 3.7). Between 1.5 and 2.5 Gyr, our observational data
are consistent with theoretical models within 0.1 mag. A slight deviation between observational
data and the model prediction by Salaris & Girardi (2002) can be seen between 2.5 and 3.0 Gyr.
However, our data is good agreement with the model by Girardi (2016) between 2.5 and 3.0 Gyr,
too.

For NGC 2161 (1.1 Gyr), our data show the brighter result compared to the theoretical models.
However, the error of age is relatively large comparing the strong age dependence predicted by
model predictions. Considering the relatively large error of age, our data are consistent with the
models within the age error. The old cluster ESO 121-3 (8.5 Gyr) also deviate from the theoretical
models. Theoretical models predict fainter absolute magnitudes for such an old and metal-poor
RC stars. The mass loss before the CHeB phase is the one possible uncertainty source for old RC
stars. However, much fainter absolute magnitudes are predicted when the mass loss is considered
(Figure 1.35). Therefore, the mass loss cannot explain this deviation. Another possible reason is
the quality of our data. The number of RC stars contained in ESO 121-3 is smaller compared to
other clusters (Figures 2.9 and 3.2). The number of fainter stars is also small. For such an object, it
is possible that the depth of the photometric data is not deep enough and the number of fainter stars
are underestimated. If it is real, the fitting result would become brighter. This prediction matches
the current situation. However, the difference between the observational data and the theoretical
models is about 0.3 mag. It is unrealistic that the underestimation of faint stars changes the result
so much. Therefore, the underestimation only is not enough to explain the deviation. Still another
possibility is that the age of ESO 121-3 might not be correct. The age of this cluster was derived
from the second method (equation 2.1). This method is powerful for intermediate-age clusters
(1-3 Gyr), but not good for other age clusters because the number of RC stars becomes smaller for
younger or older clusters. If the age of ESO 121-3 was overestimated, the deviation will be smaller.

The age dependence of J — H, J — Kg, and H — K colors is shown in Figure 3.9. In this figure,
J — H, and J — Ky colors show weak age dependence that the older RC stars have redder colors
between 1 and 3 Gyr. On the other hand, H — K color does not show age dependence. These trends
are similar to model predictions (Figure 3.10). The theoretical models predict that metal-poor and
young (< 1.5 Gyr) RC stars have strong age dependence of colors but metal-rich RC colors have
weak age dependence in the young age range. On the other hand, metal-poor and older (> 1.5 Gyr)
RC stars does not show age dependence of colors but metal-rich RC colors slightly depend on ages.
In addition, the weakest age dependence is predicted for metallicities between —0.68 and —0.38
dex. Furthermore, the population effect becomes weaker at longer wavelengths. Comparing V — K
and / — K colors of model predictions, our observational data show weak age dependence of colors.
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Figure 3.9: (Upper left) J — H, (Upper right) J — K, and (lower left) H — K colors of RC stars as
a function of age. Circles indicate the IRSF data, and crosses represent the VMC data. Metallicity

difference is shown by color scales.

This result is consistent with the model prediction that the population effect becomes weaker at
longer wavelengths. Moreover, older RC stars have redder colors between 1.0 and 3.0 Gyrin J - H,
and H — K. It is predicted that the RC stars of this age region have the strongest age dependence,

and consistent with our data.

Most of our sample clusters have the age of 1-3 Gyr where theoretical models predict strong
age dependence. This age dependence is clearly confirmed in our study, thanks to many samples
in this narrow age range. For very young (< 1 Gyr) RC stars, theoretical models predict that
younger RC stars have brighter magnitudes. However, such young star clusters do not meet our
target selection criteria; they are expected to be very small or exist in the bar region, so we cannot
investigate the trend in this study. The later release of VMC survey data plays an important role to

investigate the dependence of very young RC stars.
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Figure 3.10: Model predictions for (left) V — K and (right) I — K color of RC stars as a function
of age for several metalllicities. The difference of metallicities are represented by (from blue to
yellow, [Fe/H] = -1.68, -1.28, -0.68, -0.38, 0.00, and 0.20). The model predictions are taken from
Girardi & Salaris (2001, V and /-band) and Salaris & Girardi (2002, K-band).

3.2 Metallicity dependence

We can see metallicity dependence on my, my, mg and mg (Figure 3.6). The predicted metallicity
dependence in the K-band is only 0.1-0.2 magnitude around 2 Gyr, and this is smaller than those
in the shorter wavelengths. The expected trend is that RC stars with lower metallicity have brighter
magnitudes; this trend can be seen in our results (Figure 3.6). The magnitude difference found in
our sample is about 0.2 mag, and this matches very well with the theoretical prediction. Due to the
small number of clusters in this age range, it has been difficult to investigate this dependence in the
past works. To our knowledge, this is the first study which confirmed the metallicity dependence
of the RC magnitudes in the age range of 1-3 Gyr.

To investigate the metallicity dependence more precisely, we divided our samples into younger
RC stars (1-2 Gyr) and older RC stars (2—4 Gyr, Figure 3.11). In the latter age range, the predicted
metallicity dependence is different in two models: Salaris & Girardi (2002) predicts that metal-rich
RC stars have brighter K-band absolute magnitudes but Girardi (2016) obtained contrary results.
The Ks-band absolute magnitudes of our data show the trend that more metal-rich RC stars have
fainter magnitudes between 2 and 4 Gyr. This result matches the prediction by Girardi (2016).
In optical wavelengths, both models predict that more metal-rich RC stars have fainter absolute
magnitudes, and the metallicity dependence becomes stronger for shorter wavelengths. Our J-
and H-band data also show metal-rich RC stars have faint absolute magnitudes. Unfortunately,
model calculations for J- and H-band has not been performed. Therefore, we cannot compare this
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behavior with model predictions. However, this trend is the same as the predictions for V- and
I-band or Kg-band by Girardi (2016). The strength of the metallicity dependence is not so different
among J-, H-, and Kg-band in our data.

The metallicity dependence of J — H, J — Kg, and H — K colors is presented in Figure 3.12.
J—H color shows the clear trend that metal-rich RC stars have redder colors. This trend is consistent
with the model predictions (Figure 3.10). The difference of J — K colors is ~ 0.1 mag and much
smaller than that predicted for optical colors (~ 0.5 mag for V — K colors and ~ 0.3 mag for / — K
colors). This result matches the model predictions that the metallicity dependence becomes weaker
at longer wavelengths. On the other hand, J — K, and H — K colors do not show strong metallicity
dependence. For H — Ky colors, it is not surprising that the colors are not much affected by the
metallicity difference because weaker metallicity dependence is predicted for longer wavelengths.
However, it is unexpected that J — K colors have nearly constant values. This constant values can
be explained by the relations between the age and metallicity of our sample RC stars. We can see
the age-metallicity relation that older star clusters are more metal-poor in our sample star clusters
(Figure 2.2). In the model predictions, older RC stars have redder colors, and metal-rich RC stars
have redder colors. Therefore, the population effects for RC colors are canceled like young (bluer)

and metal-rich (redder) or old (redder) and metal-poor (bluer) RC stars.

3.3 Absolute magnitude

The averages of the apparent RC magnitudes for our 10 (H-band) or 12 (J-, Kg-band) clusters
are 17.355 + 0.020, 16.876 + 0.021, and 16.838 + 0.018 for my, my, and mg,, respectively.
Considering the distance modulus to the LMC (18.493 + 0.008 + 0.047, Pietrzynski et al. 2013),
absolute magnitudes of RC stars, M;, My, and Mg, become —1.138 + 0.020 (this work’s error)
+0.008 (Pietrzynski’s statistical) +0.047 (Pietrzyniski’s systematic), —1.617+0.021+£0.008 +0.047,
and —1.655+0.018 £0.008 +0.047, respectively. These results give good agreement with previous
works in the Kg-band within the errors, but 0.05-0.2 mag brighter than previous studies derived
from RC stars in the solar neighborhood or Kepler field in J- and H-band (Laney et al. 2012; Chen
et al. 2017; Hawkins et al. 2017; Ruiz-Dern et al. 2018).

Laney et al. (2012) pointed out that the distance modulus to the LMC derived from J-band
RC magnitudes were about 0.1 mag smaller than that from H- or Ks-band RC magnitudes. Our
results confirm this suggestion. Laney et al. (2012) suggested that the discrepancy is probably
caused by the population effect. Both theoretical models and observations have confirmed that
the population effects become stronger in the shorter wavelengths. J — Kg colours of RC stars
in our target clusters are 0.47-0.63 mag (Table 2.3), and bluer than those in solar neighborhood
(0.629; Laney et al. 2012) or in Baade’s Window (0.68; Gonzalez et al. 2012). Theoretical models
predict that metal-poor RC stars have bluer colour than metal-rich RC stars because of the stronger
population effect in the shorter wavelengths. J — K colors of our sample RC stars do not show the

64



3.3. ABSOLUTE MAGNITUDE

L3 Young (1-2 Gyr) Old (2-4 Gyr)

-1.2f . 8 é
- X ——
= 11} © 3 : 0

—@—
~1.0} = @ = :
—@—
-1.7} F §

?
f

-1.5F

-1.8

%
++

~-1.6} 0" -

-1.5

-1.00 -0.75 -0.50 -0.25 -1.00 -0.75 -0.50 -0.25
[Fe/H] [Fe/H]

Figure 3.11: Mean magnitude versus metallicity for (left) younger (1-2 Gyr) and (right) older
(2-4 Gyr) RC stars in the J- (uppar), H- (center), and Kg-bands (bottom). The IRSF data are
represented by circles and the VMC data are crosses.
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Figure 3.12: (Upper left) J — H, (Upper right) J — K, and (lower left) H — K colors of RC stars as
a function of metallicity. The IRSF data are indicated by circles, and the VMC data are represented
by crosses. Age difference is shown by color scales.
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strong metallicity dependence but the population effect of these RC stars might be canceled out
because of the age-metallicity relation (Figure 3.12). In J — H colors, we can see clear metallicity
dependence and it confirms the influence of the population effect. Metallicities of RC stars in our
target clusters are lower than those in the solar neighborhood or in Baade’s Window. This result
also supports that J-band population effect is stronger than Kg-band. Figure 3.6 also indicates that
the population effect in the J-band is slightly stronger than that in the Kg-band. Therefore, the
discrepancy in the J-band is probably caused by the population effects.

3.4 RC stars as a standard candle

So far, the population effect of RC absolute magnitudes has been corrected using theoretical models.

To obtain the empirical relations, we fit our observational data with the following function
M, = alogt + b[Fe/H] + c, 3.1

where ¢ is the age (yr) of the star clusters. We used RC stars in 11 clusters except an old cluster,
ESO 121-3 for the fitting because the behavior of the old cluster is completely different from the
young clusters. As the best fit results, we obtained

M; = —(0.087 £ 0.136) log ¢ + (0.310 + 0.112)[Fe/H] — (0.120 + 1.217) (3.2)
My = (~0.277 £ 0.143) log t + (0.136 + 0.117)[Fe/H] + (1.048 + 1.284) (3.3)
My = (=0.201 % 0.096) log 7 + (0.230 % 0.079)[Fe/H] + (0.369 + 0.859). (3.4)

The adjusted coefficients of determination (adjusted R?) are 0.578, 0.537, and 0.743, and these

values are calculated by

Si(Mai = fi)’/(N=p-1)

adjusted R>=1- — ,
YiMa; — My)?/(N - 1)

(3.5)

where M, is the absolute magnitudes of observational data in the A-band, f is the absolute
magnitudes derived from equations (??)—(??), M, is the mean value of My, N is the number of
sample clusters (nine in this time), and p is the number of explanatory variables (three in this time).
The adjusted R? gets closer to one for the better fitting. If the adjusted R? is negative, the fitting
is worse than just taking the average value. We also fitted our data with higher order polynomial
functions but adjusted R? values are worse than fitting with equation (3.1). The root mean squares
(RMSs) of the difference between the observational data and the fitting results are 0.041, 0.038, and
0.028 for My, My, and Mk, respectively. Figures 3.13 and 3.14 show the distribution of absolute
magnitudes with fitted lines. The population effect of RC stars with the ages of 1.5-3.5 Gyr and
the metallicities from —0.90 to —0.40 dex can be corrected with these relations. Within these ages
and metallicities, observational data show good agreement with the prediction of Girardi (2016)
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Figure 3.13: Mean RC magnitude versus age in the J- (Upper left), H- (Upper right), and Kg-band
(lower left). The best-fit relations are also plotted for four metallicities (from blue to brown, —0.90,
—0.73, -0.57, —0.40 dex). Circles indicate the IRSF data, and crosses represent the VMC data.

Metallicity difference is shown by color scales.

model. So far, it is difficult to derive the ages of RC stars. However, asteroseismology allows us to
obtain the ages of individual RC stars. Recently, a way to estimate asteroseismic parameters from
single-epoch optical or NIR spectra has been proposed (Hawkins et al. 2018; Ting et al. 2018).
By using this technique, we can obtain the ages of many RC stars in field regions, and accurate

distance determination for various regions cloud be possible.

As can be seen in Figure 2.2, the ages of clusters are correlated with the metallicities (the
correlation coeflicient is —0.635 for the nine clusters used for the fitting). Therefore, it is possible
that multicollinearity occurs. To check the presence of multicollinearity, we calculated partial
correlation coefficients. The partial correlation coefficients between ages and absolute magnitudes
are —(0.283, —0.585, and —0.494, and the partial correlation coefficients between metallicities and
absolute magnitudes are 0.684, 0.384, and 0.549 for J-, H-, and Ks-bands, respectively. This means
that absolute magnitude depends on both age and metallicity. The correlation coeflicients between

68



3.4. RC STARS AS A STANDARD CANDLE

4.0

16.8} .@T
3.5

17.3+
= I I—‘é—l
g g '_&)_—'u
17.4+ 16.9 R T—e—
\F i - 3.0
175 C 1 1 170 C 1 1 -
-1.0 -0.5 @
[Fe/H] (22
<
16.7 |
- 2.0
. 16.8F
b4
IS
1.5
16.9
-1.0 -0.5 1.0
[Fe/H]

Figure 3.14: Mean RC magnitude versus metallicity in the J- (Upper left), H- (Upper right), and
Ks-band (lower left). The best-fit relations are also plotted for four ages (from blue to brown, log ¢
=9.0, 9.2, 9.4, 9.6). Circles indicate the IRSF data, and crosses represent the VMC data. Age

difference is shown by color scales.
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ages and absolute magnitudes are —0.626, —0.752, and —0.741, and the correlation coefficients
between metallicities and absolute magnitudes are 0.805, 0.660, and 0.741 for J-, H-, and K-
bands, respectively. These correlation coefficients have the same signs as the partial correlation
coeflicients, and the values are comparable. Furthermore, the correlation coefficients have the
same sings as the regression coefficients a and b. Therefore, multicollinearity does not matter

much.

Unfortunately, there is no cluster younger than 1 Gyr in our sample. Within the data from
van Helshoecht & Groenewegen (2007), RC stars with younger age have large scatter of absolute
magnitudes. The observational data also show large discrepancy with the model prediction (Fig-
ures 3.7). Thus, it is difficult to correct the population effect for such young RC stars. This could
be a problem because the length of core helium-burning phase is longer for the stars between 1 and
4 Gyr, and the fraction of young RC stars is high unlike the main-sequence stars, if a galaxy has a
relatively constant star formation rate. As a result, this leads to the large misestimation of distance.
Therefore, it needs to distinguish such young RC stars from older ones. The most accurate way
to separate young RC stars is asteroseismology. Using two asteroseismic parameters, the average
large frequency separation, Av, and period spacing, AP, we can distinguish red giant branch (RGB)
stars, old RC stars (primary RC), and young RC stars (secondary RC, Bedding et al. 2011). The
difference in these parameters is caused by different internal structures. We can not only distinguish
these three type of stars, but also obtain the age of RC stars from asteroseismic data. The weak point
of the asteroseismology is that very accurate photometry with space telescopes, such as CoRoT,
Kepler, and TESS is required to obtain asteroseismic parameters, and then the region where we can
obtain very accurate photometric data is quite limited. However, as described above, single-epoch
spectra can be used to estimate asteroseismic parameters. This technique could be applied to more
wider regions. If spectroscopic data cannot be obtained, one possible way to identify young RC
stars is using color information. The theoretical model predicts bluer color for young RC stars.
However, metal-poor RC stars also have the bluer color. Therefore, we need to obtain metallicity

information independently to use color for identifying young RC stars.

There is only one cluster older than 1 Gyr in our sample. The number of star clusters analyzed
by van Helshoecht & Groenewegen (2007) is also small. Combined with the data from van
Helshoecht & Groenewegen (2007), some scatter can be seen in RC stars older than 3.5 Gyr.
Some discrepancy between the model prediction and observational data also can be seen. Girardi
(2016) mentioned that models predict systematically ~0.2 mag brighter than observational data,
and this discrepancy can be reduced down to ~0.1 mag if the mass loss is considered. On the other
hand, Chen et al. (2017) obtained small scatter of Ks-band absolute magnitudes for old RC stars
from asteroseismically derived ages. Considering these results, distance estimation using RC stars
containing old ones would have 20 per cent uncertainty. If we do not take metallicity into account,
this uncertainty would be large for metal-poor RC stars.
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We also fits the RC colors with the form of equation (3.1), and obtained

J—H =(0.178 + 0.064) log ¢ + (0.179 + 0.053)[Fe/H] - (1.054 + 0.577) (3.6)
J —Ks = (0.114 + 0.146) log ¢ + (0.080 + 0.120)[Fe/H] — (0.489 + 1.312) (3.7)
H - Ks = (=0.092 + 0.110) log ¢ — (0.084 + 0.090)[Fe/H] + (0.842 + 0.990).  (3.8)

The adjusted R? values are 0.569, -0.153, -0.143. Figure 3.15 and 3.16 show th distribution of
colors with the fitted lines. Comparing absolute magnitudes, the population effect for the colors
are smaller. In particular, J — K5 and H — K have nearly constant values, J — Kg = 0.512 +0.015
and H — Kg = 0.050 + 0.010, respectively.These values are used as the intrinsic RC colours at
least within the ages of 1.1-3.2 Gyr and the [Fe/H] of —0.90 to —0.40 dex. The partial correlation
coeflicients between ages and colors are 0.250 and —0.331, and the partial correlation coefficients
between metallicities and colors are 0.201 and —0.372 for J — K5 and H — Ky, respectively. This
also supports that these colours have no strong dependence of absolute magnitude on age and
metallicity. These colours can be used as an interstellar extinction probe. The average value of
J — H is 0.473 + 0.011, although the population effect is slightly stronger. The partial correlation
coefficients between ages and absolute magnitudes are 0.696, and the partial correlation coefficients
between metallicities and absolute magnitudes are 0.781 for J — H. This means that J — H colour
depends on both age and metallicity. The RMS of the difference between the observational data
and the fitting results is 0.017 for J — H color. For more metal-rich RC stars, Laney et al. (2012)
obtained J — H = 0.506, J — K5 = 0.629 and H — Kg = 0.123 in the solar neighborhood, and
Gonzalez et al. (2012) derived J — Ks = 0.68 in Baade’s Window. These values are slightly higher
than our results. Therefore, attention should be payed for applying these colors to RC stars with

near solar metallicities.
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Figure 3.15: Mean RC color versus age for the J — H (Upper left), J — Kg (Upper right), and H — Ks
(lower left). The best-fit relations are also plotted for four metallicities (from blue to brown, —0.90,
—-0.73, —-0.57, —0.40 dex). Circles indicate the IRSF data, and crosses represent the VMC data.
Metallicity difference is shown by color scales.
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Figure 3.16: Mean RC color versus metallicity for the J — H (Upper left), / — Ks (Upper right),
and H — Ky (lower left). The best-fit relations are also plotted for four ages (from blue to brown,
logt=9.0,9.2,9.4,9.6). Circles indicate the IRSF data, and crosses represent the VMC data. The
age difference is shown by color scales.
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Chapter 4

Conclusions and future work

4.1 Conclusions

In this thesis, we investigate the age and metallicity dependence on the RC magnitudes, my, my,
mp, and mg, and their colors J — H, J — Kg, and H — Kg. We use IRSF/SIRIUS and VMC survey
DR4 to obtain Y-, J—, H—, and Ks-band photometric data. Most of our samples consist of the
clusters with young age and low metallicity. The age and metallicity are different from previously
investigated clusters in the Milky Way. We fitted our observational data to the fitting function, and
obtained the empirical relations to correct the population effect for the absolute magnitudes and
colors of RC stars with the ages of 1.5-3.5 Gyr and the metallicities from —0.90 to —0.40 dex. In
particular, we confirmed little population effect for J — Kg and H — Ky colors, and they can be
used as the tracer of interstellar extinction. In model comparison, we confirmed that the prediction
from Girardi (2016) models shows good agreement with our observational data between 1.5 and
3.5 Gyr. We divide our sample clusters into younger RC stars and older RC stars and find that
the more metal-rich RC stars, the fainter they become. The averaged value of Mk is consistent
with previous work for solar neighborhood RC stars, but M; and My are slightly brighter. These

discrepancy may be due to the population effect.

4.2 Future work

We confirmed the population effect for RC stars with the ages of 1.5-3.5 Gyr. However, RC stars
with other ages have not yet investigated precisely. The later release of VMC survey can be used
to investigate younger RC stars. For older RC stars, observations in the solar neighborhood may
play an important role. The ages and metallicities of RC stars can be derived from single-epoch
observations, and NIR photometry for bright stars is collected by InfraRed Thirty Millimeter
Telescope. The information about distance can be obtained from Gaia data. Combining these data,
we can investigate the population effect of the much larger number of RC stars. By using derived

74



4.2. FUTURE WORK

relations and the spectroscopic technique to identify RC stars, individual RC stars can be used as

a standard candles. Therefore, RC stars would be applied to much wider regions.
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Appendix A

Density maps of VMC survey tiles

Figures A.1 to A.5 show the star density maps of VMC survey tiles.
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Figure A.1: The star densities of survey tiles. Red circles represent the clusters in Palma et al.

(2016).
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APPENDIX A. DENSITY MAPS OF VMC SURVEY TILES
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Figure A.2: Continued from Figure A.1
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Figure A.3: Continued from Figure A.2
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APPENDIX A. DENSITY MAPS OF VMC SURVEY TILES

LMC 7_3
—-67.0 700
-67.2 600
—-67.4 500
§—67.6 400
—67.8 200
—-68.0
200
-68.2
100
-68.4
0
740 745 750 755 76.0 765 77.0 77.5
RA
LMC 8_3
—65.6 500
-65.8
400
—-66.0
Y —66.2 300
(a)
—66.4
200
—66.6
-66.8 100
—-67.0 0
745 750 755 76.0 765 77.0 775
RA

Figure A.4: Continued from Figure A.3
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