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ABSTRACT

We present an optical-infrared photometric study of galaxies in six nearby clusters of galaxies at
z=0.041∼0.098 (A1436, A1773, A1809, A2048, A2142, and A2152). Using BV I photometry obtained at
the Bohyunsan Optical Astronomical Observatory and JHKS photometry extracted from the 2-Micron
All-Sky Survey catalog, we investigate the colors of galaxies in the clusters. Using the (B − V ) versus
(I −KS) color-color diagrams in comparison with the simple stellar population model, we estimate the
ages and metallicities of bright early-type member galaxies. Early-type galaxies in each cluster show
the color-magnitude relation. Ages and metallicities of early-type members show little dependence on
their velocity dispersions. Mean ages of early-types in the clusters range from 3 Gyr to 20 Gyr, showing
a large dispersion, and mean metallicities range from Z = 0.03 to 0.05 above the solar value, showing
a negligible dispersion.

Key words : galaxy clusters : individual (A1436, A1773, A1809, A2048, A2142, and A2152) —
galaxy : photometry — galaxy : color, age, and metallictiy — galaxy : formation and evolution

I. INTRODUCTION

One of the well-known observational properties of
elliptical galaxies in nearby galaxy clusters is that they
follow a tight color-magnitude relation (CMR): more
luminous ellipticals tend to be redder (Sandage & Vis-
vanathan 1978). Nowadays the CMR is established in
distant cluster up to z ∼ 1 (Holden et al. 2004), and is
also found in high redshift proto-clusters even at z ∼ 3
(Kodama et al. 2007). One of the recent key issues on
CMR is whether the CMR shows any dependence on
environments (Hogg et al. 2004; Smith et al. 2006).

The CMR for nearby galaxy clusters shows small
scatter in general and the intercept of the CMR shows
modest color evolution. The small scatter in the CMR
is often interpreted as evidence that galaxies were
formed in a short period of time (Terlevich, Caldwell,
& Bower 2001) and the intercept evolution is consistent
with the passively evolving stellar population formed at
high redshift (Stanford, Eisenhardt, & Dickinson 1998).
These seem to support the monolithic collapse model
for elliptical galaxy formation (Bower, Lucey, & Ellis
1992), but Kauffmann & Charlot (1998) argued that
the CMR can be explained also in the context of hier-
archical merging model. More details about the mod-
els of elliptical galaxy formation are summarized in Lee
(2003).

It is generally accepted that the CMR is mainly
driven by age and metallicity effects. The CMR may
be attributed to metallicity sequence in the sense that
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more massive galaxies are more metal-rich, because
they can retain gas for longer than less massive galax-
ies (Kodama et al. 1998; Gallazzi et al. 2006). On
the other hand, it is also possible to explain part of
the CMR as an increase in the mean stellar age with
luminosity (Ferreras, Charlot, & Silk 1999).

To understand the origin of the CMR and how ellip-
tical galaxies formed, we need to estimate the ages and
metallicities of elliptical galaxies. The integrated color
of stellar populations becomes generally red as they get
old, thus stellar ages of galaxies can be estimated from
the color information of the galaxies. However, more
metal rich stars can also make their host galaxy red-
der. Therefore we need to know the effects of age and
metallicity, respectively, but it is not easy to do so.
The degeneracy between age and metallicity is widely
known as the 3/2 rule (Worthey 1994): if two popu-
lations have ∆ log(Age)/∆log(Z) ∼ −3/2, then they
will look alike in nearly every broad-band color and
line index.

One of the ways to break this degeneracy is to use the
combination of optical and near-infrared (NIR) pho-
tometry (Aaronson 1978). Optical–NIR color of an old
stellar population is determined mainly by the temper-
ature of the red giant branch stars so that it is more
sensitive to metallicity than to age, while its optical
color depends upon both age and metallicity. There-
fore we can distinguish between age and metallicity ef-
fects using the combination of optical and NIR color.
Smail et al. (2001) applied this method to Abell 2218
at z = 0.176. They obtained (B − I), (V − I), and
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(I − KS) colors of galaxies in A2218, and estimated
the ages and metallicities of the galaxies by comparing
these colors with the simple stellar population model.
They concluded that luminous early-type galaxies trace
a sequence of varying metallicity at a single age, while
faint early-type galaxies show a large spread in their
ages and metallicities.

With the advent of several wide-field surveys such as
Sloan Digital Sky Survey (SDSS; York et al. 2000) and
National Optical Astronomy Observatory Fundamental
Plane Survey (Smith et al. 2004), it became possible
to estimate spectroscopically the ages and metallicities
for a large number of galaxies. Using these survey data,
several studies found that more massive galaxies are
older and more metal-rich than less massive galaxies
(Bernardi et al. 2005; Gallazzi et al. 2005, 2006; Nelan
et al. 2005; Jimenez et al. 2007). However most of
these studies covered a large sample of galaxies in the
surveys without separating cluster galaxies, and there
are few systematic studies focusing on ages and metal-
licities of cluster galaxies.

We have been carrying out a project to study the
ages and metallicities of galaxies in nearby clusters
photometrically and spectroscopically. Spectroscopic
method and photometric method have both pros and
cons. It is considered that spectroscopic measurement
of age and metallcity is more reliable than photometric
measurement. However it is hard to get high quality
spectra for all cluster members, and the galaxy proper-
ties derived from the spectra are confined to the central
region of a galaxy, due to the small size of the apertures.
On the other hand, photometric method can be applied
to all bright member galaxies and can cover the large
fraction of a galaxy. In this study we present results for
six nearby Abell clusters based on photometric method
only. We display optical and NIR photometry for galax-
ies in these clusters. We obtained optical–NIR colors
of the galaxies by combining the optical observational
data and the NIR data in the 2 Micron All-Sky Sur-
vey (2MASS; Kleinmann et al. 1994) Extended Source
Catalog (XSC; Jarrett et al. 2000). We estimated the
ages and metallicities of the galaxies by comparing the
optical–NIR colors with the simple stellar population
model. This paper is organized as follows. Section
II describes observation and data reduction. In Sec-
tion III, we classify the galaxies and select the cluster
members. Then we present the color-magnitude dia-
grams and color-color diagrams, and estimate the ages
and metallicities of the galaxies. Primary results are
discussed and summarized in Section IV and V, respec-
tively. Throughout this paper, we assumed a cosmology
with ΩM=0.3, ΩΛ =0.7, and H0 =72 km s−1 Mpc−1.

II. OBSERVATION AND DATA REDUCTION

We selected six nearby galaxy clusters in the Abell
catalog (Abell, Corwin, & Olowin 1989). Selection cri-
teria for the targets are: (a) they should be nearby
at z < 0.1 so that we can secure precise photome-

try of cluster galaxies using the 1.8 m telescope; (b)
they should be rich and contain several bright elliptical
galaxies so that we can do statistical analysis of galax-
ies; and (c) some of them may have interesting prop-
erties (e.g., high X-ray luminosity, merging features, or
cD galaxies). The basic information of the cluster sam-
ple is summarized in Table 1. Among these, A2142 is
one of the well-known merging galaxy clusters (Marke-
vitch et al. 2000). This cluster is X-ray bright and
has two giant elliptical galaxies near the center. In the
region of A2152, there is a background cluster at z ∼
0.13, whose core is closely aligned with that of A2152
(Blakeslee et al. 2001).

We observed the target clusters using the SITe 2K
CCD camera and BV I filters (Johnson-Cousins filter
system; Bessell 1990) at the Bohyunsan Optical Astro-
nomical Observatory (BOAO) 1.8 m telescope in Korea
on May 2 – 4, 2005. The size of the field of view is 11′.7
× 11′.7, and the pixel scale is 0′′.3438 pixel−1. Seeing
ranged around 2′′, so we used 2 × 2 binning mode dur-
ing the observation. We observed two to four fields
around the center of each cluster. Table 2 lists the ob-
servation log, and Figure 1 displays gray-scale maps of
the V band images for the observed fields.

Raw images were bias-subtracted and flat-fielded us-
ing the IRAF∗ tasks. Twilight sky flat images obtained
on the same night as the object images were used for
flat-fielding. We combined the individual images us-
ing median values to make a master image for each
field. We used the Source Extractor (SExtractor) pack-
age (Bertin & Arnouts 1996) to detect the sources and
obtain their instrumental magnitudes in the master im-
ages. We used 5 σ detection threshold and a minimum
pixel number of 4 for source detection. To obtain the
color of a galaxy with the same shape of apertures, we
ran the SExtractor in the dual-image mode, taking the
V band image as a reference frame. Among the out-
put parameters from SExtractor, we used MAG AUTO
(Kron-like elliptical aperture magnitude) for a galaxy
magnitude. We selected the galaxies in the output list
using the CLASS STAR parameter (stellarity) calcu-
lated by SExtractor. The stellarity values run from
0 for extended sources to 1 for point sources. Bertin
& Arnouts (1996) recommended 0.5 as the star-galaxy
separation value, which was adopted in this study.

The instrumental magnitudes were transformed into
the standard system using the standard stars (Lan-
dolt 1992) observed on the same night. The root
mean squares of the transformations are on average
0.032 for B, 0.024 for V , and 0.034 for I. Then
these magnitudes were corrected for Galactic extinc-
tion and the K-correction. We used the value of fore-
ground Galactic extinction for each object provided by
Schlegel, Finkbeiner, & Davis (1998). Since the ex-

∗ IRAF is distributed by the National Optical Astronomy Obser-
vatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement
with the National Science Foundation.
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Fig. 1 — Gray-scale maps of the V band images of six nearby galaxy clusters. The size of each field is 11′.7 × 11′.7, and
the center position of each field is given in Table 2. North is up and east is to the left.
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Table 1. Basic Information of the Target Clusters

Cluster α, δ (J2000)a m10
a Ra BMb E(B − V )c zd σr [km/s]d Nd

A1436 12h 00m 28s + 56◦ 15′ 18′′ 15.4 1 III 0.018 0.0644 501 28
A1773 13h 42m 08s + 02◦ 14′ 54′′ 15.6 1 III 0.029 0.0769 845 41
A1809 13h 53m 19s + 05◦ 09′ 18′′ 15.8 1 II: 0.026 0.0795 780 50
A2048 15h 15m 18s + 04◦ 22′ 54′′ 16.0 1 III 0.048 0.0977 864 65
A2142 15h 58m 16s + 27◦ 13′ 30′′ 16.0 2 II 0.044 0.0897 1000 190
A2152 16h 05m 22s + 16◦ 26′ 54′′ 13.8 1 III 0.040 0.0410 1338 62

a Cluster position, red magnitude for the 10th brightest member, and richness class (Abell, Corwin, & Olowin 1989).
b Classification in the Bautz-Morgan system (Bautz & Morgan 1970).
c Amount of foreground Galactic extinction (Schlegel, Finkbeiner, & Davis 1998).
d Adopted redshift, radial velocity dispersion, and the number of galaxies used to determine the redshift and velocity dispersion (The
values of A2152 are taken from Struble & Rood 1999 and the others are from Yoon et al. 2008.).

Table 2. Observation Log

Field ID Obs. Date Coordinates (J2000) Airmass Exposure time [sec] Seeing [′′]
(UT) R.A. Dec. (X) B V I B V I

A1436 1 May. 2 12h 00m 59s +56◦ 15′ 49′′ 1.07 110×5 80×3 35×3 2.0 2.0 2.0
A1436 2 May. 2 12h 00m 16s +56◦ 04′ 58′′ 1.08 120×5 100×3 45×3 1.9 1.8 1.8
A1773 1 May. 3 13h 42m 16s +02◦ 10′ 14′′ 1.33 70×9 45×7 25×5 2.7 2.8 2.1
A1773 2 May. 3 13h 42m 51s +02◦ 06′ 53′′ 1.24 140×5 110×3 30×5 2.3 2.3 2.1
A1773 3 May. 3 13h 43m 00s +02◦ 20′ 30′′ 1.21 150×5 130×3 50×3 2.4 2.3 1.8
A1773 4 May. 3 13h 41m 59s +02◦ 19′ 02′′ 1.22 100×7 70×5 30×5 2.9 2.6 2.6
A1809 1 May. 2 13h 53m 15s +05◦ 03′ 29′′ 1.17 150×5 110×3 45×3 2.2 2.3 1.8
A1809 2 May. 2 13h 53m 49s +05◦ 09′ 35′′ 1.17 130×5 110×3 40×3 2.7 2.6 2.1
A2048 1 May. 3 15h 15m 50s +04◦ 22′ 09′′ 1.19 140×5 120×3 40×3 2.3 2.2 2.1
A2048 2 May. 3 15h 15m 16s +04◦ 16′ 43′′ 1.24 140×5 120×3 45×3 2.0 1.9 1.8
A2142 1 May. 2 15h 58m 54s +27◦ 18′ 11′′ 1.05 150×5 130×3 50×3 2.8 2.5 2.3
A2142 2 May. 2 15h 58m 04s +27◦ 17′ 49′′ 1.14 140×5 120×3 45×3 2.1 2.0 2.1
A2152 1 May. 2 16h 05m 54s +16◦ 25′ 54′′ 1.07 110×5 90×3 35×3 2.6 2.4 2.2
A2152 2 May. 2 16h 05m 13s +16◦ 32′ 20′′ 1.06 140×5 110×3 40×3 2.4 2.3 2.0

tinction data in KS band was not available, we used
the value for K band. The difference between the ef-
fective wavelengths of K and KS is small enough that
the resulting difference in extinction is negligible. The
K-correction was performed with kcorrect.v3 2 code
(Blanton et al. 2003). We used spectroscopic redshifts
from the galaxy catalog of the SDSS 6th Data Release
(Adelman-McCarthy et al. 2008) for the K-correction
and for the calculation of the luminosity distance to a
galaxy, when its redshift is available. If there is no red-
shift information for a galaxy, we assume the redshift
of the galaxy is the same as that of its host cluster.
Finally the apparent magnitudes were converted into
absolute magnitudes using the luminosity distances.

We used the 2MASS XSC released in March 2003
for the NIR photometric study. 2MASS project per-
formed all-sky observation in 3 bands (J : 1.25 µm,
H : 1.65 µm, and KS : 2.17 µm) using 1.3 m telescopes

at Mt. Hopkins and Cerro Tololo. In this study, we
used the fiducial Kron elliptical aperture magnitude for
a galaxy magnitude (Kron 1980), for which the aper-
ture was defined in KS band.

III. RESULTS

(a) Galaxy Classification and Cluster Member
Selection

We classified the morphology of bright and large
galaxies, which are in both the BOAO observation and
the 2MASS extended source catalog. The galaxies not
found in the 2MASS catalog were too faint or too small
to determine their morphological types, so we could not
classify them. The 2MASS magnitude limit is KS =
14.5 mag, and corresponds to 17.8 mag in V band for
red sequence galaxies with (V −KS) ∼3.3 mag. Among
the galaxies brighter than V = 17.8 mag, the fractions



COLORS, AGES, & METALLICITIES OF NEARBY CLUSTER GALAXIES 113

Fig. 2 — V - (B − I) color-magnitude diagrams of the de-
tected galaxies in six clusters. Filled symbols represent the
isolated galaxies with SExtractor flag=0 (i.e., the sources
without any neighbor within the aperture used).

of unclassified galaxies in target clusters are 8∼21%.
Two of the authors (J. C. Lee & T. Kim) classified
the bright and large galaxies into early-types (ellipti-
cals and S0s) and late-types (spirals and irregulars)
independently via visual inspection of the combined
CCD images. A comparison of the two results showed
a good agreement with an agreement rate of ∼92%.
We classified together again the galaxies for which the
classification results were different in the first try until
both agreed. In addition, we smoothed the images of
the nearest cluster A2152 using Gaussian convolution
so that seeing-to-physical scale would be the same for
the farthest cluster A2048, and checked the morpho-
logical types of A2152 galaxies on the images. Among
the twenty one member galaxies, only one type was
changed. Therefore we expect that the effect of scale
variation on the classification is about 5 percent within
our redshift coverage. The fractions of early-types in
most clusters are 50∼62%. In A2142, the fraction is ex-
ceptionally large (∼79%). It is noted that we observed
the smaller core region of this cluster compared with
other clusters.

We selected the member galaxies of a cluster using
the radial velocities of galaxies. We regarded a galaxy
as a member of the cluster if its radial velocity with
respect to the radial velocity of the cluster is within
twice the radial velocity dispersion of the cluster. The
galaxies whose spectroscopic redshifts are not available
were considered as uncertain members. We did not use
any spatial boundary conditions for member selection

Fig. 3 — MV - (B − I)0 color-magnitude diagrams
of the galaxies in six clusters (circles : early-type galax-
ies, squares : unclassified galaxies, and triangles : late-
type galaxies). Large symbols and small symbols represent
confirmed members and uncertain members, respectively.
Large filled circles represent the data used for a linear fit
of the CMR that is plotted by the straight line, while large
open circles represent the data not used for fitting. The
dashed line in the color-magnitude diagram of A2152 in-
dicates a boundary for separating galaxies in A2152 from
background cluster galaxies.

because the observed fields (radius : ∼12 arcmin) are
smaller than the size of clusters. According to Yoon et
al. (2008), the virial radii of A1436, A1773, A1809, and
A2048 are 14∼16 arcmin, and that of A2142 is 29 ar-
cmin. Although the virial radius information of A2152
is not accessible, we expect that the observed fields of
A2152 are also smaller than the cluster size in the sense
that the typical radius of a galaxy cluster is ∼2.0 Mpc
(Cox 2000), corresponding to an angular size of 41 ar-
cmin at z = 0.041. If the galaxy properties change as
a function of cluster-centric distance, our analysis with
different covering fractions could be biased. When we
used the galaxies within a consistent radius (40% of
virial radius) among the clusters, luminosity-weighted
mean colors of early-type galaxies were not significantly
changed. On the other hand, CMR parameters became
more uncertain due to decreasing the number of fit-
ted galaxies, and the early-type fractions increased to
70∼80%. Thus we concluded that our main results are
not affected by a radial cut, and used all galaxies in the
observed fields.
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Table 3. Linear Fit Parameters for the Color-Magnitude Relation

Color A1436 A1773 A1809 A2048 A2142 A2152
Na 10 (9) 14 (12) 13 (13) 13 (11) 31 (28) 11 (11)

Slope (B − I) –0.064±0.024 –0.096±0.058 –0.057±0.022 –0.075±0.049 –0.045±0.021 –0.049±0.029
(V − I) –0.041±0.019 –0.014±0.056 –0.042±0.017 –0.058±0.046 –0.035±0.016 –0.023±0.022
(B − V ) –0.023±0.020 –0.082±0.058 –0.015±0.018 –0.018±0.049 –0.010±0.018 –0.027±0.024

Intercept (B − I) 2.05±0.49 2.04±1.22 2.05±0.46 2.15±1.05 2.20±0.44 2.08±0.58
(V − I) 1.16±0.39 1.14±1.17 1.13±0.36 1.13±0.99 1.18±0.34 1.17±0.45
(B − V ) 0.90±0.42 0.90±1.21 0.92±0.40 1.02±1.06 1.01±0.38 0.91±0.49

Scatterb (B − I) 0.067 (0.032) 0.083 (0.048) 0.076 (0.076) 0.099 (0.074) 0.102 (0.073) 0.084 (0.084)
(V − I) 0.064 (0.037) 0.038 (0.022) 0.054 (0.054) 0.072 (0.070) 0.066 (0.046) 0.042 (0.042)
(B − V ) 0.038 (0.040) 0.061 (0.050) 0.034 (0.034) 0.084 (0.062) 0.063 (0.057) 0.048 (0.048)

a Number of all early-type member galaxies (The value in parentheses means the number of early-type members after sigma clipping.).
b Scatter of all early-type member galaxies around the CMR (The value in parentheses means the CMR scatter.).

Table 4. Mean Colors, Ages, and Metallicities of the Early-Type Member Galaxies in Six Clusters

Cluster N (B − V )a σB−V
b ϵB−V

c (I − KS)a σI−KS
b ϵI−KS

c Age [Gyr] Metallicity (Z)
A1436 10 0.921±0.012 0.035 0.046 2.100±0.036 0.109 0.102 3.1+0.3

−0.2 0.045+0.004
−0.005

A1773 14 0.979±0.018 0.063 0.089 2.129±0.038 0.144 0.146 5.2+1.8
−0.9 0.042+0.006

−0.005

A1809 13 0.954±0.012 0.032 0.048 2.023±0.043 0.145 0.117 6.1+2.0
−1.1 0.032+0.006

−0.007

A2048 13 1.075±0.018 0.065 0.091 2.143±0.052 0.178 0.146 19.6+0.4
−6.2 0.031+0.009

−0.010

A2142 31 1.032±0.010 0.053 0.050 2.117±0.021 0.116 0.136 11.9+1.6
−1.4 0.033+0.003

−0.003

A2152 11 0.936±0.025 0.059 0.044 2.011±0.050 0.122 0.079 5.1+2.6
−1.6 0.033+0.006

−0.006

a Mean color and its uncertainty estimated through random sampling test.
b Standard deviation of the colors.
c Mean error in the colors.

(b) Color-Magnitude Relations

Figure 2 displays the V - (B − I) color-magnitude
diagrams of all the measured galaxies in each clus-
ter, and Figure 3 displays the MV - (B − I)0 color-
magnitude diagrams. In Figure 3 we plotted only
the confirmed members (large symbols) and uncertain
members (small symbols). We chose the (B − I) color
because it covers the widest range of wavelength in our
optical bands.

A few features are noted in the color-magnitude di-
agrams. First, most early-type galaxies in each clus-
ter show a linear sequence for the CMR: the brighter
galaxies are the redder. Second, the CMR is tight in
some clusters like A1436, and is less tight in other clus-
ters like A2048 and A2142, considering the scatters of
early-type member galaxies around the CMRs which
are listed in Table 3. Third, there is a secondary branch
at a much redder color, (B − I) ∼ 2.8, in the observed
color-magnitude diagram of A2152. Most galaxies on
the secondary branch are probably the members of the
background cluster mentioned above. We consider the
galaxies on the blue side of the dashed line in the MV -
(B − I)0 color-magnitude diagram of A2152 to belong
to A2152.

We carried out linear fitting to the data for early-
type member galaxies in each cluster after the ap-
plication of sigma clipping algorithm. The results
of fitting the CMR are summarized in Table 3, and
are shown by straight lines in Figure 3. The slopes
for MV - (B − I)0 CMRs range from –0.045±0.021
(A2142) to –0.096±0.058 (A1773), and the intercepts†
range from 2.04±1.22 (A1773) to 2.20±0.44 (A2142).
Thus the slopes and intercepts do not show any sig-
nificant variation among the clusters. If we use the
entire red-sequence galaxies for fitting, the ranges of
the linear fit parameters become much narrower. The
slope and intercept of A1773 become –0.063±0.021 and
2.09±0.43, and those of A2142 become –0.056±0.014
and 2.16±0.30.

(c) Colors, Ages, and Metallicities

Integrated colors of a stellar system are determined
by its age and metallicity, and various combinations
of optical and NIR colors have been used for estimat-
ing both the age and metallicity of a stellar system:
(U − R) and (R − K) by Peletier & Balcells (1996),

† Intercepts were calculated for MV = –20 mag
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Fig. 4 — (I − KS)0 versus (B − V )0 color-color dia-
grams of the galaxies in six clusters. The solid lines repre-
sent the BC03 SSP model grids for metallicity(Z) and age.
The symbols with color error bars represent BOAO-2MASS
matched galaxies (circles : early-types, and triangles : late-
types). Filled and open symbols represent the confirmed
members and uncertain members, respectively. The sym-
bol size varies according to the KS luminosity : bigger for
the more luminous galaxies. The vectors show the effect on
the galaxy colors of increasing the extinction.

(B−R) and (R−K) by Bell & de Jong (2000), (V −I)
and (V − K) by Puzia et al. (2002), (B − K) and
(J −K) by James et al. (2006), (B − V ) and (B −K)
by Li, Han, & Zhang (2007), and (B−V ) and (V −K)
by H. Lee et al. (2007). Recently Li & Han (2008)
studied the ability of breaking the age-metallicity de-
generacy using the stellar population synthesis model
of Bruzual & Charlot (2003) (called BC03 hereafter)
for various combinations of the Johnson-Cousins-Glass
BV RIJHK system and the AB ugriz system. In their
results all the best color pairs are combinations of the
two systems, and the (B − V ) - (I − K) is the only
pair composed of the Johnson-Cousins-Glass system.
Therefore we decided to use these colors in this study.

Among several population synthesis models com-
monly in use today (Fioc & Rocca-Volmerange 1997;
BC03; Maraston 2005; Vázques & Leitherer 2005; Schi-
avon 2007), we chose the BC03 model to estimate the
ages and metallicities of galaxies. Although different
initial mass functions (IMFs), chemical compositions,
stellar evolutionary tracks, and spectral libraries are
applied in the models, they return a fairly good agree-

Fig. 5 — (I−KS)0 versus (B−I)0 color-color diagrams of
the galaxies in six clusters. The lines, symbols and vectors
are the same as those in Fig. 4.

Fig. 6 — Mean colors of the early-type member galaxies
in each cluster shown in (I − KS)0 versus (B − V )0 color-
color diagram. Thin, medium, and thick bars represent,
respectively, the standard deviation of the colors, the mean
error in the colors, and the uncertainty in the mean color.



116 J. C. LEE, M. G. LEE, & T. KIM

Fig. 7 — Age versus velocity dispersion diagrams of six
clusters. Each symbol represents a member galaxy lying
inside the SSP model grids (circles : early-types, and trian-
gles : late-types). Large circles represent the red-sequence
early-type galaxies.

ment for normal elliptical galaxies. James et al. (2006)
described the effects of various factors (e.g., IMF slope,
contribution of blue horizontal branch, mass loss in
asymptotic giant branch, and α-enhanced metal dis-
tribution) on the model prediction. If we infer the age
for the α-enhanced population using the scaled solar
metal distribution model like BC03 model, we obtain a
correct value for the old population (∼10 Gyr). How-
ever, there will be an overestimate of about 1∼2 Gyr
for the young population (∼3 Gyr). We adopted the
Padova (1994) evolutionary tracks (Fagotto et al. 1994
and references therein) and the Salpeter IMF with a
power law slope of –2.35 for the mass range of 0.1 M⊙
∼ 100 M⊙, and assumed a simple stellar population
(SSP; where all stars were instantaneously formed with
the same chemical composition). This model covers
ages from 105 years to 2 × 1010 years and metallicities
from Z = 0.0001 to Z = 0.05.

The ages derived from the best fit with the SSP
model do not represent the formation epoch or the
mean age of the population, but represent the luminosity-
weighted ages (see Renzini 2006). In general, the
luminosity-weighted age is sensitive to the youngest
component of the population, so the age presented in
this study should be regarded as the epoch of the last
major star formation (i.e., lower age limit). Although
we presented the estimated ages and metallicities of
early-type and late-type galaxies in this study, the esti-
mates of late-types are uncertain because the late-types
are much more complicated systems having complex

Fig. 8 — Metallicity versus velocity dispersion diagrams
of six clusters. The symbols are the same as those in Fig.
7.

star formation history (H. Lee et al. 2007). Moreover
we did not correct the internal extinction of galaxies, so
the colors of late-types used for fitting might be redder
than intrinsic colors yielding higher metallicity or older
age.

Figures 4 and 5 show the (I −KS)0 versus (B−V )0
and (I − KS)0 versus (B − I)0 color-color diagrams of
the galaxies in six clusters with the BC03 SSP model
grids, respectively. Most galaxies in each cluster are
located within the boundary of the model grids, espe-
cially in A2152. However the number of outliers tends
to increase with increasing redshifts and photometric
errors. In A1436 and A2152, the ages of early-type
galaxies are in a relatively narrow range, and the num-
ber of early-types older than 8 Gyr are very small. We
included (I −KS)0 versus (B− I)0 color-color diagram
to show this better. (B − I)0 has a larger wavelength
coverage and can be more sensitve to age than (B−V )0.

Figure 6 displays the luminosity-weighted mean (B−
V )0 and (I − KS)0 colors of early-type member galax-
ies in each cluster, which are also listed in Table 4.
All clusters seem to have large color dispersions in Fig-
ures 4 and 5, but the intrinsic dispersion‡ should be
much smaller because the color dispersion is mostly ac-
counted for by color errors as shown in Figure 6. The
mean (B−V )0 colors range from 0.921 (A1436) to 1.075
(A2048), and the mean (I − KS)0 colors range from
2.011 (A2152) to 2.143 (A2048). The mean (B − V )0
colors of six clusters are divided into two groups. One

‡ σ2
observed = σ2

intrinsic + σ2
error
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is ∼0.95 (A1436, A1773, A1809, and A2152), and the
other is ∼1.05 (A2048 and A2142). On the other hand,
the mean (I−KS)0 colors are similar to each other. We
calculated the mean age and metallicity of early-type
member galaxies in each cluster using the mean colors
by interpolating the model grids. The mean ages range
from 3.1 Gyr (A1436) to 19.6 Gyr (A2048), and the
mean metallicities range from 0.031 (A2048) to 0.045
(A1436). The age dispersion among all six clusters
(∼5.4 Gyr) is significantly larger than the mean error
in ages (∼2.4 Gyr). However the mean ages for the
four clusters (A1436, A1773, A1809, and A2152), from
3.1 Gyr to 6.1 Gyr, show a much smaller dispersion,
and are much smaller than the other two. The dif-
ference between the metallicity dispersion among six
clusters (∼0.004 Z) and the mean error in metallicities
(∼0.005 Z) is negligible. This seems to be in contrast
to the result given by Jones, Smail, & Couch (2000)
and Smail et al. (2001) that the early-type galaxies in
clusters have a large dispersion of metallicities rather
than of ages. However it is difficult to directly com-
pare between their result and ours because they did
not present the mean age and metallicity of galaxies in
individual clusters. It is needed to use a lager sample
to check our finding.

IV. DISCUSSION

It is widely known that more massive galaxies are
older and more metal-rich than less massive galaxies
from many studies based on a large sample of galaxies
(Bernardi et al. 2005; Gallazzi et al. 2005, 2006; Nelan
et al. 2005; Jimenez et al. 2007). In Figures 7 and 8, we
display age and metallicity versus galaxy velocity dis-
persion, which is extracted from the SDSS catalog, for
the member galaxies lying inside the SSP model grids.
It is found in Figure 7 that age and velocity dispersion
show a good correlation in Abell 2152, while it is not
clear in other clusters. Figure 8 shows little correlation
between metallicity and velocity dispersion in all six
clusters. There are a few possibilities to explain these
results. First, although there are in general good corre-
lations between age and mass and between metallicity
and mass in early-type galaxies, there are large disper-
sions as well. This dispersion may be due to diverse star
formation history of the galaxies in clusters. Second,
the number of galaxies in each cluster and the number
of clusters in this study are too small to detect the cor-
relations. Third, the correlations could disappear by
large uncertainties in estimates of age and metallicity
for individual galaxy.

Looking at Tables 1 and 4, the mean colors of
early-type galaxies in each cluster tend to be redder
with increasing redshift, especially in case of (B − V )
color. This result is not changed when we calculate the
mean colors using only the early-type members brighter
than MKs = –23.9, faint end of early-type members in
A2048. The differences in mean colors among several
K-correction methods (i.e., Poggianti 1997; Bolzonella,

Miralles, & Pelló 2000; Blanton et al. 2003) are smaller
than 0.02 mag. Moreover the differences do not depend
on the redshift, at least, up to z ∼ 0.1. Thus the trend
in mean colors should not be explained by these influ-
ences. On the other hand, it is also shown that the
mean age is correlated with cluster velocity dispersion
except for A2152. It is noted that the velocity disper-
sion of A2152 is problematic (Struble & Rood 1999).
This is in agreement with the recent finding reported
by Rakos, Schombert, & Odell (2008), and implies that
galaxy formation in more massive cluster begins at ear-
lier epoch.

V. SUMMARY

We presented BV I photometry of galaxies in six
nearby Abell galaxy clusters (A1436, A1773, A1809,
A2048, A2142, and A2152) using the CCD imaging
data obtained at the BOAO 1.8 m telescope. We com-
bined these optical BV I data with 2MASS NIR data,
and used the spectroscopic redshifts and velocity dis-
persions from the SDSS. We analyzed the optical CMRs
of early-type galaxies in each cluster, and estimated
the ages and metallicities of bright galaxies using their
(B − V ) and (I − KS) colors compared with the SSP
model grids.

The six clusters show fairly tight CMRs, and there
are no significant differences in the slopes or inter-
cepts of the CMRs. In the age versus velocity dis-
persion and metallicity versus velocity dispersion di-
agrams, it is hard to see any strong correlations be-
tween them. Therefore it is difficult to tell whether the
CMR is mainly driven by the age-mass relation or by
the metallicity-mass relation. Among the clusters, the
intrinsic dispersion of mean metallicities is small, while
that of mean ages is relatively large. It is found that
the early-type galaxies in more massive cluster tend to
be older.
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