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ABSTRACT

We determine the age of 1104 early-type galaxies in eight rich clusters (z ¼ 0:0046 to 0.175) using a new contin-
uum color technique. We find that galaxies in clusters divide into two populations, an old population with a mean age
similar to the age of the universe (12 Gyr) and a younger population with a mean age of 9 Gyr. The older population
follows the expected relations for mass and metallicity that imply a classic monolithic collapse origin. Although total
galaxy metallicity is correlated with galaxy mass, it is uncorrelated with age. It is impossible, with the current data,
to distinguish between a later epoch of star formation, longer duration of star formation, or late bursts of star formation
to explain the difference between the old and young populations. However, the global properties of this younger pop-
ulation are correlated with cluster environmental factors, which implies secondary processes, postformation epoch,
operate on the internal stellar population of a significant fraction of cluster galaxies. In addition, the mean age of the
oldest galaxies in a cluster are correlated with cluster velocity dispersion, implying that galaxy formation in massive
clusters begins at earlier epochs than less massive clusters.

Subject headinggs: galaxies: elliptical and lenticular, cD — galaxies: evolution — galaxies: stellar content

1. INTRODUCTION

The age of the stars in a galaxy is a key parameter not only to
cosmological models (i.e., the epoch of initial star formation
being a lower limit to the age of the universe), but also to our
understanding of the star formation history of galaxies. The age
of stellar populations in galaxies guides our understanding of
likely formation scenarios, e.g., monolithic versus hierarchical
models (Kauffmann et al. 1993). However, even if a galaxy’s
stellar population age is decoupled from the formation epoch, the
history of star formation and chemical evolution are determined
primarily by the age of the stars and this value still serves as one
of the most important variables in understanding galaxy evolu-
tion (Tinsley 1980).

Of course, since Nature is cruel (de Sade 1797), by far the
hardest parameter to extract from a galaxy’s spectral energy dis-
tribution is the age of the underlying stellar population. The rea-
son is mostly technical, in that there is no single color or spectral
index that uniquely measures age (as derived from the turnoff
point for the stellar population). Thus, one is required to deduce a
mean age based on a series of observables, such as the combined
hFei versus H� index (Worthey 1994) or UV versus optical col-
ors (Kaviraj et al. 2007), guided by synthetic models based on
stellar physics. These models have only recently achieved a nec-
essary level of success to transform from isochrone fits to synthetic
colors, i.e., all the relevant stellar physics is correctly incorporated
(Yi 2003; Schiavon 2007).

Techniques to measure metallicity and age have divided into
two paths, use of line indices (e.g., the Lick/IDS system; Gonzalez
et al. 1993; Trager et al. 2000) versus continuum colors (Rakos &
Schombert 2005). These two techniques are, effectively, attempt-
ing to determine age and metallicity through slightly different

astrophysical phenomena. Line indices can trace the metallicity
of a system by directly measuring the abundance of various ele-
ment lines (although still influenced by the age of the system;
Trager et al. 2000). Early work (Burstein et al. 1984) focused on
easilymeasurable lines such asMg2 andCaH andK (Faber 1973).
These individual lines contain a wealth of information on the
chemical history of stellar populations and the process of nucleo-
synthesis (Pagel 2001). However, extracting the mean metallicity
of a stellar population, as expressed by [Fe/H], can be problematic
if the ratio of these elements to Fe varies. For example, Type Ia
SNe producemore Fe to�-elements than Type II but require over
1 Gyr to evolve to the detonation stage such that the �/Fe ratio
decreases with time (Maraston et al. 2003). Thus, models which
do not include these ratio variations risk incorrect estimates for
color and line index changes. Improved technology has meant
that, for a large number of galaxies, the relevant metallicity value,
e.g., [Fe/H], can be determined directly from Fe lines themselves
(e.g., Fe4383 and Fe5015; Gonzalez et al. 1993; Trager et al.
2000; Sánchez-Blázquez et al. 2006). As Fe is the primary source
of electrons in stellar atmospheres, it is a trivial conversion from
[Fe/H] to total metallicity, Z or [M/H].

Age is determined in line index studies, primarily, through the
H� index (see Schiavon 2007 for a detailed discussion). While
this age determination is still model dependent, the separation in
parameter space is clear (e.g., MgFe vs. H�). Notably, in contrast
to our expectation of old stellar populations from interpretation
of the color-magnitude relation (Faber 1973), line index stud-
ies find a high fraction of early-type galaxies with young ages
( less than 7Gyr) in agreement with certain CDM frameworks for
galaxy formation (Kauffmann et al. 1993) that predict extended
star formation histories (Kuntschner & Davies 1998; Trager et al.
2000). Later reanalysis, with refined spectral energy distribution
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(SED) models, finds that only 25% of the galaxies in previous
samples have ages less than 7 Gyr (Schiavon 2007). However,
even this fraction is unexpectedly high given the tightness of the
color-magnitude relation and the expected increased scatter due
to the influence of age on color (Bower et al. 1992).

Narrowband continuum colors, used in this work, approach
the age and metallicity determination problem from a different
direction. They measure the effects of metallicity, in composite
stellar populations, by the change in color of the red giant branch
(RGB) with [Fe/H]. Age effects are measured by color changes
produced in the shifting of the turnoff point (Tinsley 1980). This
type of data collection (i.e., imaging) has the advantage of being
faster (therefore, requiring less observing time or capable of pen-
etrating to fainter luminosities than spectroscopy) and provides
spatial information. However, as with line index work, this tech-
nique is also dependent on the use of SEDmodels to interpret the
resulting colors (see Steindling et al. 2001 for an in-depth anal-
ysis of the technique). We have recently adopted a more reliable
principal component (PC) technique that is tied to the galactic
globular age and metallicity scale (Rakos & Schombert 2005),
which has resulted in a higher degree of accuracy in age deter-
mination than our previous papers.

The goal of this paper is threefold. First, we briefly review our
technique, its strengths and weaknesses, our multimetallicity mod-
els, and most importantly, where the key uncertainties lie. Second,
we present ourmost recent compendium of ages andmetallicities
for cluster galaxies based on recent observations of four new
clusters combined with data from four clusters previously pub-
lished in the literature, now reanalyzed with our new techniques.
Third, using the age and [Fe/H] values extracted from our col-
ors, we explore the trends and correlations as constrained by the
limitations of our technique. Throughout this paper we use the
benchmark cosmological parameters of �M ¼ 0:3, �� ¼ 0:7,
and H0 ¼ 75.

2. OBSERVATIONS

2.1. Cluster Photometry

A total of eight clusters were used for this study. In order
of increasing redshift, they are Fornax (z ¼ 0:0046), Coma (z ¼
0:0231), A119 (z ¼ 0:0442), A400 (z ¼ 0:0244), A539 (z ¼
0:0284), A779 (z ¼ 0:0225), A1185 (z ¼ 0:0325), and A2218
(z ¼ 0:175). Four clusters (Fornax, Coma, A1185, and A2218)
were published in our earlier studies (Rakos et al. 2007; Rakos&
Schombert 2005; Odell et al. 2002, Rakos et al. 2001). The
remaining four (A119, A400, A539, and A779) were obtained in
the last few observing seasons using the 2.3 m Bok Telescope of
the Steward Observatory located at Kitt Peak, Arizona. The im-
age device was 90prime, a prime focus wide-field imager using a
mosaic of four 4k by 4kCCDs resulting in a field of view of 1.16�

by 1.16
�
and a plate scale of 0.4500 pixel�1 (Williams et al. 2004).

The filter system for this study is a modified Strömgren (uvby)
system, the same as used in our distant cluster studies (Rakos
& Schombert 1995). The modified Strömgren system (herein
called uz, vz, bz, yz) is altered in the sense that the filters are
slightly narrower (by 20 8) than the original Strömgren system
and the uz filter is shifted 30 8 to the red of its original central
wavelength. The system we use herein is called the uz, vz, bz, yz
system to differentiate it from the original uvby system due to our
small changes plus our filters are specific to the rest frame of the
cluster that is being studied (this avoids k-corrections and allows
for photometric membership to eliminate foreground and back-
ground galaxies). The uz, vz, yz system covers three regions in the
near-UVand blue portion of the spectrum that make it a powerful

tool for the investigation of stellar populations in SSPs (simple
stellar population), such as star clusters, or composite systems,
such as galaxies. The first region is longward of 4600 8, where
the influence of absorption lines is small. This is characteristic of
the bz and yz filters (keA ¼ 4675 and 5500 8), which produce a
temperature color index, bz� yz. The second region is a band
shortward of 4600 8, but above the Balmer discontinuity. This
region is strongly influenced by metal absorption lines (i.e., Fe,
CN) particularly for spectral classes F to M, which dominate the
contribution of light in old stellar populations. This region is ex-
ploited by the vz filter (keA ¼ 41008). The third region is a band
shortward of the Balmer discontinuity or below the effective
limit of crowding of the Balmer absorption lines. This region
is explored by the uz filter (keA ¼ 35008). All the filters are suffi-
ciently narrow (FWHM ¼ 2008) to sample regions of the spec-
trum unique to the various physical processes of star formation
and metallicity (see Rakos et al. 2001 for a fuller description of
the color system and its behavior for varying populations).
The reduction procedures have been published in Rakos et al.

(1996) and references therein. The photometric system is based
on the theoretical transmission curves of filters (which can be
obtained from the authors) and the spectra of spectrophotometric
standard stars published in the literature (Massey & Gronwall
1990). The convolution of the transmission curves and the spec-
tra of the standard stars produces theoretical flux values for color
indices of the standard stars corrected for all light losses in the
equipment and the specific sensitivity of the CCD camera. Mag-
nitudes were measured on the co-added images using standard
IRAF procedures and are based for brighter objects onmetric aper-
tures set at 32 kpc for cosmological parameters of H0 ¼ 75 km s�1

Mpc�1 and the benchmark cosmology (�m ¼ 0:3, �� ¼ 0:7).
For fainter objects, the apertures were adapted to deliver the best
possible signal to noise ratio, but always using the same aperture
for all four filters. Color indices are formed from the magnitudes:
uz� vz, bz� yz, vz� yz, and mz [=(vz� bz)� (bz� yz)]. Ga-
lactic extinction was determined, and corrected for, in the stan-
dard fashion. Typical errors were 0.03mag in vz� yz at the bright
end of the sample and 0.08 mag at the faint end. The color-
magnitude diagrams for the four newest cluster are shown in Fig-
ure 1 for the uz� vz filters. The characteristics and slopes of
these diagrams are identical to previous color-magnitude diagrams.

2.2. Measuring Age in Galaxies

Determination of age by line indices focuses on the particular
lines emitted by stars near the turnoff point, in this case Balmer
lines from A (and hotter) stars. The strongest Balmer line, which
is relatively free of contaminating emission from interstellar gas,
is H�. The use of H� is well documented (Trager et al. 2000;
Kuntschner et al. 2001; Poggianti et al. 2001; Gallazzi et al.
2005; Thomas et al. 2005; Sánchez-Blázquez et al. 2006; Schiavon
2007) and has the additional advantage that comparison to higher
order Balmer lines allows for determination of not only mean age,
but duration of star formation (Schiavon 2007; see also Prochaska
et al. 2007 for problems with this technique).
Continuum colors determine age by measuring the turnoff

point, in this case, the mean color of those stars in the near-blue
region of the spectrum. Clearly, there is competition with the
changes in color due to metallicity effects (the so-called age-
metallicity degeneracy problem; Worthey 1999), but this con-
flict can be resolved by either a longer baseline in color (e.g.,
near-UV for age, near-IR for metallicity as the turnoff stars have
a stronger influence on blue colors thanRGB stars) or by judicious
choice of a narrowband continuum colors, as is the case in ourwork
(Rakos et al. 2001).
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While there are technical challenges for both line index and
continuum color measurements, both techniques have a primary
difficulty in determining galaxy age in that, for a composite stel-
lar population (one composed of stars with a range of ages), the
age value measured is, in fact, a luminosity-weighted mean age.
Even if the underlying stars have a normal distribution in age,
such that the mean age reflects the average, there still exists ex-
tremely relevant information contained in the spread of ages (i.e.,
the duration of initial star formation or later phases of star forma-
tion). And, galaxies must be composed of more than an simple
stellar population (i.e., having singular age and metallicity, such
as a globular cluster) for various reasons. Observationally, the
existence of color gradients in ellipticals (see review byKormendy
& Djorgovski 1989) is perhaps the earliest evidence to this fact
as all early-type galaxies have stellar population differences from
their cores to halos. All indications are that this change in color
is due to metallicity effects (Sánchez-Blázquez et al. 2007), but
regardless of whether age or metallicity dominates, it is clear that
galaxies are composed of stellar populations with a range of these
values. HST imaging has resolved the stellar populations in sev-
eral nearby ellipticals (Grebel 2003; Tosi 2007), all demonstrat-
ing the existence of a distribution of metallicities, but the question
of a distribution of ages remains unresolved (Grebel 2005). Our
own most recent work on a comparison of [Fe/H] estimates be-
tween line index work and our continuum colors indicates that
the distribution of metallicity in ellipticals must be broad and is
similar to preenrichment infall models (J. Schombert & K. Rakos
2008, in preparation).

Since galaxies are composed of multiple stellar populations,
then the observed age, being an integrated value, can be arrived
at by various paths of star formation. For example, for a calcu-
lated age that is a luminosity-weighted mean age of 8 Gyr can be
obtained by a late epoch of star formation (5 Gyr later than the
oldest galaxies) or by an extended duration of star formation (i.e.,
going from 12 Gyr ago up to 4 Gyr from the current epoch to an
average of 8 Gyr). In addition to varying durations of star forma-
tion, an intermediate-aged populationmight exist having its origin
from a recent, weak burst of star formation (Serra & Trager 2007;
Trager et al. 2005). Thus, a secondary clock, such as the ratio of
�-elements to Fe (a measure of the contribution by Type Ia SNe
to the chemical enrichment on gigayear timescales ), will be re-
quired to constrain various age distribution scenarios (see x 3.4).

2.3. Continuum Color Method of Age Determination

Our technique to determine age and metallicity using narrow-
band continuum colors is outlined, in great detail, in Rakos &
Schombert (2005). Our method differs from line studies by mea-
suring the effects of varying age and metallicity on the shape of
selected parts of a galaxy spectrum. The underlying phenomenon
that we capture are (1) varying metallicity reflects into the posi-
tion of the RGB (due to the stronger effect of line blanketing in
evolved stars) and (2) age is reflected in the position of the turn-
off point. The turnoff point changes in color slowly with age after
3 Gyr (Schulz et al. 2002), and, for this reason, our technique
fails for younger populations, although we do not expect this to
be a problem for red early-type galaxies in rich clusters. In any
case, star-forming galaxies signal their young nature through sev-
eral of our filters, and while we cannot determine their exact ages,
we can exclude them from our samples.

Our use of narrowband continuum colors (a modified uvby
Strömgren system) is motivated by three factors: (1) narrow fil-
ters select smaller regions of a galaxy’s spectrum, regions which
show different sensitivities to changes in the RGB and turnoff
point and, thus, facilitate the breaking of the age-metallicity de-
generacy; (2) there exist improved population models (Schulz
et al. 2002) which sample the region of age-metallicity parameter
space useful for the analysis of old, red galaxies; and (3) these
models are now tied, accurately, to the globular cluster ages and
metallicities resolving a long-standing dilemma for stellar pop-
ulation studies. The Schulz et al. models are a significant im-
provement over past work with respect to our near-UVand blue
colors as they (1) include the recent isochrones from the Padova
group which have a stronger blue HB contribution (important
for even a small old, metal-poor contribution to the galaxy light),
(2) use more recent stellar atmosphere spectra which, again, are
refined to better sample the blue region of a galaxy’s spectrum,
and (3) are in better agreement with globular cluster uvby colors
than previouswork.Our use of the uz, vz, bz, yzfilters to determine
age and metallicity culminated in Rakos & Schombert (2005),
where we develop a principal component methodology for deter-
mining these twoparameters in composite systems, such as galaxies.

Briefly, our principal component technique derives metallic-
ity and age values using the observed narrowband colors and the
knowledge of the behavior of the PC surface as mapped by the
Schulz et al. SED models. A grid search method is used in an
iterative fashion to locate the pair of age andmetallicity that min-
imize the distance between calculated PC values with model PC
values. This technique has the advantage of using the informa-
tion from all four filters simultaneously while allowing flexible
use of various SED models and yet is still tied to the globular
cluster age/metallicity system.

Fig. 1.—Color-magnitude diagram of our four new clusters in our bluest
filter, uz � vz. Ages, deduced by our PCA method, are indicated as greater than
10 Gyr (red) vs. those less than 10 Gyr (blue).
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This method of determining galaxy age based on continuum
narrowband colors has several caveats. First, this measurement is
the mean age of the underlying stellar population, not the time
from galaxy formation. We argue in a later section that, for the
oldest galaxies in the sample, this stellar population age must
coincide with the formation epoch. However, for galaxies with
stellar population ages several gigayears less than the age of the
universe, there is a broad window of time for the actual assembly
time of the galaxy (stars plus dark matter).

Another limitation to our technique arises from the models
themselves. For example, the models are restricted to [Fe/H] be-
tween �1.7 and +0.5 plus ages between 3 and 15 Gyr and, thus,
our extracted values are constrained bymild extrapolation of these
limits. With respect to ages for cluster galaxies, this limitation will
not impact our results as we can isolate galaxies with ongoing star
formation, or have large fractions of young stars, by their extreme
colors and/or strong emission lines. These galaxies are identified
as their colors lie outside the color parameter space of the SED
models and, thus, are not submitted for age/metallicity analysis.
These objects consisted of less than 4% of our cluster sample.
The remaining galaxies have colors which indicate they have
been quiescent on gigayear timescales, and are ideal candidates
for study by our technique. In addition, with respect to metallic-
ity, there is a strong expectation, based on previous work, that
cluster galaxies contain a majority of their stars with mean [Fe/H]
values greater than globular clusters, removing any problems of
fitting the low-metallicity end of the models.

Our resulting ages and metallicities are thus based on the PC
analysis of three narrowband colors (uz� vz, vz� yz, bz� yz;
Rakos & Schombert 1995). Our ages are deduced based on SSP
values (i.e., we assume no spread in age within a galaxy’s stellar
population), but we test that assumption in x 3.4. We do adjust
our metallicity values based on our work comparing line index
[Fe/H] values to colors produced by a multimetallicity model.
This adjustment is linear and based on our ‘‘push’’ model of
chemical enrichment (discussed in J. Schombert & K. Rakos
2008, in preparation). Briefly, the multimetallicity models attempt
to reproduce the galaxy colors using a real distribution of inter-
nal metallicities (i.e., a chemical evolution model ) rather than
singular SSP. This is done by taking the SSPs for a range of
metallicities (follow some model of the distribution of [Fe/H])
and summing the colors weighted by the luminosity per mass
of the SSPs. Since lower metallicity SSPs contribute more blue
light than higher metallicities, the luminosity-weighted value
for [Fe/H] will tend to be lower than the [Fe/H] from a numerical
average of the SSPs. The ‘‘push’’ model is a simple closed box
[Fe/H] distribution pushed at low [Fe/H] values to simulate the
G-dwarf problem (i.e., initial enrichment). Due to the varying
luminosity contributions by each bin of metallicity, the calcu-
lated value for [Fe/H] must be adjusted to produced the mass
averaged value of metallicity, hFe/Hi. While this adjustment is
negligible at lowmetallicities (½Fe/H� < �1:5), there are increases
in [Fe/H] by 0.1 dex at values greater than solar, and it is this met-
allicity that we use in our following discussions.

3. DISCUSSION

3.1. Galaxy Age from Narrowband Colors

A graphical summary of our deduced mean ages and [Fe/H]
for 1104 galaxies in eight clusters (in order of increasing redshift:
Fornax, A779, Coma, A400, A539, A1185, A119, A2218) is
shown in Figures 2, 3, and 4, plots of log � (Gyr), [Fe/H] and stel-
lar mass (logM� /M�). Distance is derived using the benchmark
cosmology and stellar mass is calculated from the M5500 lumi-

nosity assuming a M/L of 3 (Bender et al. 1992). Since our
sample is composed primarily of early-type galaxies, the amount
of gas is minimal, and therefore the stellar mass reflects the to-
tal baryonic mass of the galaxy. Typical uncertainties, defined
mostly by the SEDmodels, are 0.5 Gyr in age, 0.2 dex in [Fe/H]
(although this will increase at lower luminosities due to a com-
bination of higher errors in the observations and running against
the limits of the SED models). The uncertainties are represented
by the gray-scale image in each plot, where each data point is
taken to be a two-dimensional Gaussian of width given by the
errors above. Each data point’s contribution per bin is summed to
produce the gray-scale intensity, normalized to the total sample
size.
All the key features noted over the decades relating to galaxy

evolution are visible. For example, the mass-metallicity relation
is evident in Figure 3, although not the strictly linear relation as
indicated by the color-magnitude diagram for galaxies (Bower
et al. 1992; Vazdekis et al. 2001). There is some suggestion in
this diagram of two populations, a high-mass, solar metallicity
population with a strong correlation between mass and hFe/Hi
plus a lower mass populationwith lower metallicities and amuch
higher scatter. Age does not appear to be a factor in the trend
found in Figure 3 as there are numerous old galaxies with [Fe/H]
values around �1 and plenty of younger galaxies with [Fe/H]
near solar (although see Fig. 13 for the effect of age on the scatter
in the color-magnitude relation). The only consistent trend with
age is that all galaxies with hFe/Hi values less than �1.5 have
ages less than 10 Gyr. It would appear, since there is no evidence

Fig. 2.—Mean galaxy age vs. galaxy stellar mass (in solar units) for all 1104
galaxies in our cluster sample. Cluster galaxies divide into two distinct popula-
tions, an old population with mean ages of 11.5 Gyr and a younger population
(the gap population) with a mean age of 9 Gyr. There is a slight tendency for the
oldest galaxies to decrease in age with lower mass. The statistically significant
decrease in age with stellar mass for the gap population is driven by the increas-
ing number of young galaxies (� < 7 Gyr) for masses less than 109 M�). The
green line displays the mean relation of age vs. stellar mass from Gallazzi et al.
(2005), and the red line displays the 1 � range in the SDSS sample of age per
mass bin. As is typical for line index studies, the Gallazzi et al. study finds
sharply younger galaxy ages for decreasing mass, although we note that the
SDSS sample includes all galaxy types as compared to our strict cluster sample.
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in Figures 3 or 4 that young galaxy age leads to high metallicity
values, that the epoch of star formation, or its duration, is not a
significant factor in determining themeanmetallicity of a galaxy.
Mass is the primary driver of metallicity, as predicted by infall
models of chemical evolution (Pipino&Matteucci 2004), although
probability not the sole variable (see x 3.7).

Determination of the age of the stellar populations in galaxies
is the primary goal of this paper, and a comparison in the range
of galaxy ages we find versus the range in ages by two recent
line index studies (Sánchez-Blázquez et al. 2006; Thomas et al.
2005) is found in Figure 5. This comparison is key to our discus-
sion as the Sánchez-Blázquez et al. and Thomas et al. studies use
the Lick/IDS system of age determination (i.e., the model grid
interpretation of the H� versus hFei or MgFe index). As can be
seen from Figure 5, the distribution of galaxy ages differs dra-
matically between the Lick/IDS technique and our method. Both
the Sánchez-Blázquez et al. and Thomas et al. samples (only the
high-density sample is shown) find significant numbers of gal-
axies with ages less than 7 Gyr.

Our technique is unable to calculate ages less than 3Gyr; how-
ever, those objects still signal their young ages with star-forming
colors and are rare in our cluster samples (Rakos et al. 1996). We
also note that our technique finds that a majority of cluster gal-
axies have ages greater than 10 Gyr, but old galaxies are in the
minority in the samples that determine age by the Lick/IDS sys-
tem. For example, in Coma we have three galaxies in common
with the Thomas et al. sample, NGC 4839, 4874, and 4889. The
Thomas et al. ages are 15.8, 2.4, and 2.8 Gyr, respectively. Our
continuum color ages are 11.6, 12.5, and 10.9 Gyr for the same

Fig. 4.—Mean galaxy age vs. mean metallicity. The two populations are still
evident in this figure. The oldest galaxies display a range of mean metallicities
(from �1.5 to +0.3). The gap population displays a correlation of decreasing
metallicity with age.

Fig. 3.—Average metallicity, hFe/H, vs. galaxy stellar mass. The average
metallicity is the luminosity-weighted metallicity from our PC technique ad-
justed for the expected underlying average metallicity (J. Schombert & K. Rakos
2008, in preparation). The mass-metallicity relation is evident, although, as noted
by many previous studies, the scatter is higher than observational uncertainties.
There are statistically significant numbers of low-mass galaxies with high me-
tallicities and high-mass galaxies with intrinsically low [Fe/H] values. Thus, while
galaxy mass (depth of its potential well) is the primary parameter in a galaxy’s
chemical evolution, it is not its sole determinant. The green line displays themean
relation of [Fe/H] vs. stellarmass fromGallazzi et al. (2005); the red line displays
the 1 � range in the SDSS sample of metallicity per mass bin. The SDSS metal-
licity relation is in excellent agreement with our estimates.

Fig. 5.—Comparison between galaxy ages derived by continuum colors (this
work) and those derived from two Lick / IDS studies (Thomas et al. 2005 [high-
density sample]; Sánchez-Blázquez et al. 2006). Typical for spectroscopic stud-
ies, the Lick / IDS work finds a higher fraction of young galaxies (� < 7 Gyr)
compared to studies that use colors (Bregman et al. 2006).
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galaxies. Our ages are more in agreement with the expectations
of stellar population evolution from intermediate-redshift clus-
ters (Rakos & Schombert 1995), where the Thomas et al. val-
ues would predict large numbers of bright cluster ellipticals with
star-forming colors, which is not seen.

The differences between the Lick / IDS system method and
other techniques of age determination has been noted before
(e.g., Bregman et al. 2006). In order to confirm the legitimacy of
our age values, we have turned to the third method mentioned in
the Introduction, the use of longer baseline broadband filters to
exploit the sensitivity of near-IR colors to the position of the RGB.
In this case, we can combine our narrowband colors in the Coma
cluster (Odell et al. 2002) with recent K-band data (Eisenhardt
et al. 2007). There are 16 galaxies in common with their sample
and ours, for which our near-blue color vz� yz is plotted against
their near-IR color V � K in Figure 6. We label each galaxy data
point by its estimated age, using our technique, rounded to the
nearest gigayear. In this figure it is clear that galaxies with the
oldest ages (� > 10 Gyr) separate from the younger systems
(7 < � < 10 Gyr). Thus, the Coma galaxies with near-IR colors
separate nicely in this optical /near-IR color plane. There is some
overlap in ages, but within our expected errors of 0.5 Gyr.

This figure also allows an opportunity to check various SED
models tracks to our age estimates and the absolute value of our
age estimates (as our technique is tied to the galactic globular
cluster ages). In this case, we have chosen the most recent SED
models from Bruzual & Charlot (2003, hereafter BC03). Fig-
ure 6 displays the model color tracks over a range of metallicities
([Fe/H] from �0.8 at V � K ¼ 2:5 to +0.3 at V � K ¼ 3:5 for
all the models) for a population of 8 and 12Gyr. The dashed lines
are the raw SSP models from BC03, which do not match the col-

ors of the Coma sample. This is not unexpected as galaxies are
not composed of a single-metallicity population, as represented
by the SSP’s. As discussed in J. Schombert & K. Rakos (2008,
in preparation), the color-magnitude relation and the line index
versus color relations are best matched by a multimetallicity
model that incorporates a modified infall model of chemical
evolution. These models, referred to as the ‘‘push’’ models in
J. Schombert & K. Rakos (2008, in preparation), are shown as
solid lines in Figure 6 and are an excellent match to the relative
age differences. Thus, we conclude that our absolute and rel-
ative age estimates conform to expectations from SEDmodels.

3.2. Cluster Ellipticals Ages

There are several features to the age and metallicity distribu-
tions to our sample that are common to all the clusters and visible
in Figures 2, 3, and 4. The first is that there clearly exist galax-
ies with old ages (� � 12 Gyr) in all clusters. This mean value is
comparable to the age of the universe (i.e., these are the oldest
galaxies) and this population makes up the majority of cluster
galaxies.
Second, the red cluster galaxies divided neatly into two

populations based on age, with a distinct gap in age between the
populations. The older population has a mean of 11.5 Gyr, the
younger population a mean age of 9.5 Gyr. The gap is wider than
our estimated error of 0.5 Gyr, therefore, appears to be a real fea-
ture. This gap is not seen in studies that use the Lick/IDS, such as
Thomas et al. (2005) or Sánchez-Blázquez et al. (2006), but this
may be due to small number statistics. The transition in age with
mass is sharp in the Gallazzi et al. (2005) work (see their Fig. 9,
also drawn in our Fig. 2), which involves over 175,000 galaxies
from the SDSS database, but does not take on a bimodality dis-
tribution as suggested by our data sample.We note that the SDSS
sample includes all galaxy types, both field and cluster, whereas
our sample is a strict, high-density, cluster population. The inclu-
sion of star-forming disk systems would clearly deviate the cor-
relation of age and mass to younger ages.
Lastly, there are a couple trends (i.e., weak correlations) with

age. In general, brighter luminosity (higher mass) systems tend
to be older. Older galaxies also tend to be more metal-rich (as
measured by [Fe/H]). However, neither of these trends is strong
suggesting that the path that a galaxy evolves through to reach
these global values of age andmetallicity is influenced by several
factors not directly related to its total mass. In addition, the lack
of sharp correlations indicates that the global values wemeasure,
such as luminosity-weighted age, may be composed of a more
convoluted underlying stellar population. We examine each of
these features, and combine our results here with previous re-
sults, in an attempt to untangle our observations in the following
sections.

3.3. The Oldest Galaxies

The oldest galaxies in our sample have mean ages between 11
and 12 Gyr, which is consistent with the assumption of a pri-
mordial epoch of initial star formation and the age of the uni-
verse under the benchmark model (12.6 Gyr). While there exist
galaxies with calculated ages of 13 Gyr (only 1% of the sample
galaxies have ages greater than 13Gyr, none older than 13.5Gyr),
they are consistent with the age of the universe within the errors
of the age determination method.
Extremely old stellar populations in galaxies are not unexpected

under certain galaxy formation scenarios (e.g., monolithic col-
lapse; Eggen et al. 1962; Larson 1974; Arimoto & Yoshii 1987),
it is somewhat surprising to find large numbers of purely old galax-
ies in our sample as star formation has been observed in ellipticals

Fig. 6.—Near-IR colors vs. our narrowband color, vz� yz, for 16 Coma ellip-
ticals. Galaxies with ages less than 10 Gyr are labeled by age in blue, galaxies
older than 10 Gyr are labeled in red. Two sets of 8 and 12 Gyr tracks are shown
from (BC03) SEDmodels. The dotted lines are for SSPmodels, the solid lines are
for our multimetallicity ‘‘push’’ models (J. Schombert & K. Rakos 2008, in prepa-
ration) which blend in a range of stellar metallicity populations using a simple infall
model of chemical evolution. The ‘‘push’’ models are an excellent match to the
data and the separation of age, as given by our continuum color technique, is
clear. A blend model is shown in green, a sum of 16 models with ages between 4
and 12 Gyr in 0.5 steps to demonstrate that it is impossible to distinguish between
a galaxy with a singular age of 8 Gyr vs. the sum of ages from 4 to 12 Gyr.
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between redshifts of zero and 1 (Stanford et al. 2004). Later star
formation would push our integrated age estimates to younger
values (see x 3.4).

Two possible scenarios can resolve this dilemma. The first is
that the observed high-redshift star formation events may involve
a very small fraction of the total stellar populationmass, and thus
their anomalous colors have since faded below detection, over-
whelmed by the colors of an older stellar population. The sec-
ond is that the number of galaxies undergoing these recent bursts
have been overestimated. There certainly exist galaxies in our clus-
ter samples with younger mean ages (see gap population discus-
sion below), and they may be the ancestors of these higher
redshift objects.

The existence of galaxies with ages nearly equal to the age of
the universe places a series of important constraints on scenarios
for galaxy formation. While there are clearly evolutionary pro-
cesses in play within rich clusters (i.e., mergers and tidal colli-
sions which induce later star formation; Moore et al. 1996), it
appears, from the properties of our reddest galaxies, that there
must exist a sizable fraction of cluster ellipticals whose dominant
stellar population dates back to the epoch of cluster formation
itself. These are valuable inputs to our galaxy formation models
as these ages allow for no room in the time budget for later
epochs of star formation (which would lower the deduced mean
age by our method) nor for a very long duration of initial star for-
mation after the time of galaxy formation (which would also
decrease the deduced mean age). We note that Thomas et al.
(2002) find that the oldest galaxies in their sample have the high-
est � /Fe ratios, implying very short initial durations of star for-
mation in agreement with their old ages. Short durations of star
formation imply that the resulting chemical evolution is direct,
in agreement with our determination that the internal metallicity
distribution in ellipticals are bested described by simple infall
models (J. Schombert & K. Rakos 2008, in preparation).

At the very least, our oldest galaxies are a challenge to hier-
archical models where galaxies are assumed to assemble grad-
ually with time by mergers (Baugh et al. 1996). All the stars in
these merging systems would be required to have the same ages
and chemical history to explain the mass-metallicity relation (al-
though perhaps the scatter in the mass-metallicity diagram is a
signature of past stochastic mergers; see De Lucia et al. 2006;
Kaviraj et al. 2005), � /Fe increases with mass and the age-mass
relation (see x 3.7). While it is plausible to have all the galaxy
components with the same epoch of initial star formation, our
models of chemical enrichment require a varying mass to pro-
duce varying metallicities. Thus, hierarchical formation is an in-
adequate explanation for these oldest cluster ellipticals.

3.4. Gap Population

Common to seven of our eight clusters is a second, younger
population (the exception is A119). This second population is
distinguished by a clear gap, varying in width of between 1 and
2 Gyr, separating the younger population (which we refer to
hereafter as the gap population) and the oldest galaxies. While
this gap population is not as numerous as the oldest galaxies,
it is significant. When we divide all galaxies with metallicities
greater than ½Fe/H� ¼ �1:7 (the limit of our models) into three
bins of greater than 10 Gyr (591 galaxies, 53%), between 7 and
10 Gyr (431 galaxies, 39%) and less than 7 Gyr (88 galaxies,
8%), we see that the gap population constitutes about one-third
of all cluster galaxies.

The oldest galaxies, having ages near the age of the universe,
must be objects with simple star formation histories, i.e., a short

initial burst followed by a quiescent history. However, the gap
population, with a mean age between 8 and 9 Gyr, can reach this
stage through various paths. First, it must be remembered that the
calculated age is a luminosity-weighted mean value. For exam-
ple, a mean age of 8 Gyr can be obtained by a late epoch of star
formation (5 Gyr later than the oldest galaxies) or by an extended
duration of star formation, i.e., going from 12Gyr ago up to 4 Gyr
from the current epoch to average as 8Gyr). A comparison of just
those two exact scenarios is shown in Figure 6, where we linearly
combine SEDmodels from 4 to 12Gyr (assuming equal mass for
each age; green line) and compare them to a single-age 8 Gyr
model. As can be seen in Figure 6, it is impossible, in practice,
to distinguish these two paths of star formation history simply by
colors.

A secondary clock to determine the duration of initial star
formation in a galaxy can be estimated by the ratio of�-elements
to Fe (Greggio & Renzini 1983; Thomas et al. 1998), since de-
layed enrichment by Type Ia supernova raises the abundance of
Fe relative to �-elements (such as Mg and Ca). An increasing
� /Fe ratio with galaxy mass is found by Thomas et al. (2002),
which is interpreted as increasing initial star formation duration
with decreasing galaxy mass ranging from less than 0.5 Gyr du-
ration for the highest mass galaxies to 6 Gyr in duration for gal-
axies around 109M�. These duration values would produce mean
galaxy ages consistent with the gap population ages, althoughwe
note that while there is a slight decrease in age with lower mass
for the gap population (Fig. 4), this trend is not as strong as
would be expected from the change in � /Fe with mass (Gallazzi
et al. 2006).

In addition to varying durations of star formation, an alter-
native explanation to the younger age for the gap population is to
consider the effect of amore recent star formation event averaged
with an old (12 Gyr) stellar population. Recent burst models
(referred to as frosting models; Trager et al. 2000) are parame-
terized by the fraction of the mass of the galaxy involved in the
burst and when the burst occurred. Obviously, the effect of a star
formation burst on the integrated color of a galaxy, will be less if
the burst involves a small fraction of the galaxy mass and/or
occurs farther in the past (the population having time to redden
and blend in with the older stars). In order to constrain the mag-
nitude of a frosting star formation event, we can ignore any burst
that would still leave a signature of stars hotter than A type at the
present day. For these stars, in sufficient numbers, would dom-
inate the near-blue colors in early-type galaxies, which have been
known for decades to have the continuum shape represented by
K giants (O’Connell 1980). However, a population that is over
1 Gyr old has already taken on the colors close to a metal-rich,
old population and is only identifiable when mixed with an older
population using hyper accurate measurements, at least in the
optical region of the spectrum (Rose et al. 1994).

To test the effect of an old, weak burst on the measured mean
age of our galaxies, we havemixed a 1Gyr population of varying
fractions to an old 12 Gyr population using the BC03 models.
Returning to the optical /near-IR diagramwe used in Figure 6, we
have plotted a 1% burst (involving 1% the mass of a galaxy) and
a 5% burst for a range of mean metallicities (again using a metal-
licity distribution calculation as given by J. Schombert & K. Rakos
2008, in preparation). These tracks are shown in Figure 7, again
along with our Coma data. From these tracks, it is clear to see that
even a small burst of 1% of the mass of the galaxy, after 1 Gyr,
has produced a trend of color which closely resembles a com-
posite 8 Gyr population. Stronger bursts, of up to 5%, can be
ruled out by the vz� yz and bz� yz narrowband colors (as seen
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by the dotted line in Fig. 7). We conclude it is impossible to dis-
tinguish between a small ( less than 1%), recent bursts or a com-
posite 8 Gyr model for the gap population.

3.5. Age-Density Relation

A sharp separation in age for cluster early-type galaxies sug-
gests either a formation process which delays or extends star
formation for a subset of galaxies (i.e., a nurture scenario) versus
one where some environmental process has operated on a subset
of galaxies after the formation epoch to induce later star forma-
tion (i.e., a nature scenario). Environmental processes are typi-
cally tested by looking for correlations with galaxy density, on
the assumption that the operating process is tied to the dynamical
interactions either with the cluster tidal field (galaxy harassment;
Moore et al. 1996) or by galaxy interactions.

While this environmental effect may be recent, as suggested
by the frostingmodels, thismay also be a remnant of a primordial
event. For example, one of the key predictions for hierarchical
galaxy formationmodels is a difference between field and cluster
galaxy ages (where cluster systems form first and, therefore,
have older stellar populations). Our sample is strictly a sample of
rich cluster galaxies; however, we can test for any correlation
with local density or with cluster radius, a crude measure of local
density. Just such a test is found in Figure 8, a plot of galaxy
density as a function of cluster radius in kiloparsecs.

To produce this plot, we have binned all the clusters into one
geography (i.e., no correction for cluster size). The cluster center
is determined as either as the position of the brightest cluster
member, or the geometric center of the cluster weighted by gal-
axy mass. A119 was excluded in the calculations as it does not
contain a gap population and A1185 was excluded since its ir-
regular structure made the determination of the cluster center
problematic. The resulting sample of 652 galaxies were binned
in 100 kpc radii and the number of galaxies per annulus area were
summed for galaxies with ages greater than 10 Gyr (above the
gap), between 7 and 10 Gyr (below the gap), and less than 7 Gyr.

Immediately obvious from Figure 8 is that galaxies with youn-
ger mean age avoid the denser regions of the clusters and the
older galaxies are more concentrated. It is not surprising to find
the very youngest galaxies located on the cluster outskirts as
these objects are structurally similar to disk galaxies (see x 3.6)
and have similar properties to the Butcher-Oemler population.
However, even the intermediate-aged galaxies are less concen-
trated than the oldest cluster members. This effect, that younger
galaxies avoid the cluster core, is slightly correlated with cluster
type, themore evolved cluster types display a stronger separation
by age than clusters that are dynamically young (as expressed by
the BM and RS types), leading to the obvious conclusion that
dynamical processes influence a galaxy’s star formation history.
It is also notable that the highest redshift cluster in our sample
(A2218) displays this separation to the greatest effect suggesting
a process that has evolved recently in look-back time.
Environmental effects are not limited to the gap population.

Figure 9 displays the average age of the oldest galaxies (the first
population) as a function of cluster velocity dispersion. Although
the sample size is small, there is a clear correlation between the
mean age of the oldest galaxies and dynamical state of the clus-
ter as represented by velocity dispersion. The correlation here is
such that high-mass, high velocity dispersion clusters have the
oldest first populations, implying that these clusters started gal-
axy formation (and the initial epoch of star formation) before their
lower mass counterparts by approximately 1 Gyr.

3.6. Age-Morphology Relation

A correlation between galaxy age and local density would
imply a correlation between galaxy type (morphology) and age
by way of the cluster density-morphology relationship (Ball et al.
2008). To test this hypothesis we extracted morphological types
and structural parameters for the Coma sample (see Odell et al.
2002).Visualmorphologywas divided into four types, r1/4 objects

Fig. 7.—Same as Fig. 6, near-IR vs. narrowband colors. The same infall mod-
els fromFig. 6 are shown. In addition, two ‘‘frosting’’ models, where a fraction of
the galaxy mass is a population of 1 Gyr mixed with a 12 Gyr population. A 1%
frosting burst is nearly identical to a standard 8 Gyr population.

Fig. 8.—Galaxy density as a function of cluster radius for galaxies older than
10 Gyr (red ), between 6 and 10 Gyr (green) and younger than 7 Gyr (blue).
Young galaxies clearly avoid the cluster center; however, even intermediate-
aged galaxies are less clustered than the oldest galaxies. Older galaxies are the
most concentrated to the cluster center (higher densities). All these trends sug-
gest an environmental influence on mean galaxy age.
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(ellipticals), objects with distinct bulge and disk components (S0s),
objects with spiral or irregular structure (Sp/Irr galaxies) and ob-
jects with lenticular or dwarf appearance (dEs). Structural mor-
phologywas based on surface photometric fits to objects brighter
than �18. These fits are divided into three types, bulge objects
(r1/4), bulge+disk objects (S0s), and exponential disks (lenticulars).

Histograms of both visual and structural morphology are shown
in Figure 10. Surprisingly, there is no clear trend inmorphologywith
age, such that the percentage of galaxies classed E:S0:dE:S/Irr
less than 10 Gyr in age is 12:14:65:9 percent versus greater than
10 Gyr of 29:34:34:3 percent. Elliptical and S0 type galaxies
have the same distribution in age, a majority being old (� ¼
12Gyr), but also form a significant fraction in the gap population.
Star-forming spirals and irregulars tend to be young, but a major-
ity of the young galaxies in Coma are in the lenticular or dwarf
category. These morphological types are simply low-luminosity
ellipticals with exponential shapes characteristic of ellipticals less
than �18 (Schombert 1987). Their young age reflects the age-
mass relation discussed in x 3.1.

In terms of structure, the fraction of young to old galaxies are
similar for galaxies with bulges (ellipticals), bulge+disks (S0s)
or pure disk systems (lenticulars). The fractions B : Bþ D : D
with ages less than 10 Gyr is 37:21:42 percent versus the frac-
tion for galaxies with ages greater than 10 Gyr of 44:24:32 per-
cent, i.e., slightly more r1/4 objects over pure disk systems for
older galaxies. Since the structural sample is composed solely of
the brightest galaxies in Coma, this histogram reflects the lack
of any morphological distinction in age for the top of the cluster
luminosity function. Whatever processes determines a galaxy’s
age is decoupled from its morphological evolution (outside of cur-
rent star formation).

The lack of an age difference between elliptical and S0 galax-
ies (or bulge objects vs. disk lenticulars) is surprising as there
is an expectation that S0 disks are only recently quenched (i.e.,
stripped of their gas) and should display a younger age (Bedregal
et al. 2006; Burstein et al. 2005). Althoughwe note that the largest
B/D S0 galaxies are the oldest such that even the oldest S0s may
have young disks buried in the light of their dominant bulges.

3.7. Age Correlations with Mass and Metallicity

The existence of correlations between a galaxy’s stellar pop-
ulation age and mass or mean metallicity has been debated in the
literature (Conselice 2007), but several recent large studies have
converged on a consistent picture (Thomas et al. 2005; Gallazzi
et al. 2006; Jimenez et al. 2006; Annibali et al. 2007). While
differing in the details, all these studies find that galaxy age in-
creased with stellar mass ( luminosity) and metallicity ([Fe/H]),
although the deduced correlations contain a large amount of un-
certainty. And, common to all these studies, the scatter in the
correlations exceed the observational errors, implying secondary
processes are significant.

For this study, noting again that we measure age and metal-
licity based on a different technique than line indices, we find the
same general correlations between stellar mass ( luminosity) and
metallicity as previous work (Figs. 2, 3, and 4). While the corre-
lation between stellar mass and metallicity (hFe/Hi) is evident,
the scatter, like the line indices studies, is clearly greater than the
observational uncertainties and, therefore, the depth of the grav-
itation well of a galaxy is not the sole parameter that drives the
chemical evolution of a galaxy (as predicted by galactic wind
infall models; Pipino&Matteucci 2006). Dividing the sample by
age (for example, considering the mass-metallicity relation solely
for galaxies with ages greater than 10 Gyr), we find that the oldest
systems display a tightermass-metallicity relation, but continue to
display scatter larger than observational errors.

Fig. 9.—Cluster velocity dispersion vs. the mean age of the oldest galaxies in
each cluster. The clusters with the highest velocity dispersions (i.e., highest mass)
have the oldest galaxies, implying earlier cluster formation epochs.

Fig. 10.—Histograms of the ages of variousmorphological and structural types
in Coma. Visual morphology was divided into four types, r1/4 objects (ellipticals),
objects with distinct bulge and disk components (S0s), objects with spiral or irreg-
ular structure (Sp/ Irr galaxies) and objects with lenticular or dwarf appearance
(dEs). Structural morphology was based on surface photometric fits to objects
brighter than �18. These fits are divided into three types, bulge objects (r1/4),
bulge+disk objects (S0s), and exponential disks. Aside from a tendency for
young galaxies to be lower in luminosity (therefore, a lenticular or dwarf ellip-
tical appearance), various ages are found for all morphological and structural
types. Surprisingly, S0 galaxies do not have a different age distribution from
ellipticals despite the expectation of quenching at intermediate redshifts.
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In terms of age, there is a distinct separation by mass between
the old galaxies and the gap population. For galaxies brighter
thanM5500 ¼ �18, the breakdown between the old galaxies and
the gap population is 68%–32%. For fainter galaxies, this divi-
sion reduces to 49%–51%. But while there is a tendency to find
the youngest galaxies to be of the lowest masses, there is no clear
linear correlation. This is due, primarily, to the fact that the di-
vision into two populations is so distinct that each population
should be analyzed separately.

Considering the oldest galaxies first, this population has a
mean age of 11.5 Gyr. To within the uncertainties, the slope of
the old population with respect to stellar mass is very shallow
with a change of less than 1 Gyr over the full range in mass. For
the younger gap population, there are larger numbers of young
galaxies at low masses (M < 109 M�). This agrees with the
shape and scatter of the color-magnitude relation (Odell et al.
2002); however, some of these galaxies probably represent the
low-mass Butcher-Oemler objects (Rakos et al. 1996) with traces
of recent star formation (see Fig. 13). Likewise, the small number
of high-mass galaxies (M > 1010 M�) with ages less than 8 Gyr
could easily represent cluster galaxies which have undergone re-
cent mergers of disk galaxies with younger stellar populations or
induced star formation.

The age versus metallicity diagram (Fig. 4) displays a wealth
of buried information. The old population of galaxies shows a
slight trend for an increase in hFe/Hiwith age; certainly the oldest
galaxies (� > 12 Gyr) all display greater than solar metallicities.
But the trend is weak, and galaxies with an age of 11 Gyr have a
range of [Fe/H] from �1.2 to +0.3. This implies that the age of
the stellar population does not have a large influence on chemical
evolution and that the final metallicity of a galaxy is dominated
by its mass.

The situation differs for the younger gap population. Here we
find a fairly good correlation between age and metallicity such
that the older gap galaxies (� ¼ 9 Gyr) have the highest metal-
licities (near solar). The younger gap galaxies (� ¼ 7 Gyr) have
lower metallicities, near ½Fe/H� ¼ �1. We note that this trend of
age and metallicity for the gap population is opposite to the cor-
relation of age andmetallicity (i.e., younger galaxies having higher
metallicities) demonstrated by Trager et al. (1998), Jørgensen
(1999), Ferreras et al. (1999), Terlevich & Forbes (2002), and
Sánchez-Blázquez et al. (2006). However, an extensive study of
the correlated errors by Sánchez-Blázquez et al. finds no such re-
lationship in high-density regions. As our cluster sample is ex-
tracted from the very highest density regions in the universe, it is
no surprise that our oldest galaxies display no correlation between
age and metallicity.

Our gap population displays the opposite correlation as found
for field galaxies by the Sánchez-Blázquez et al. work, which we
interpret to mean that the measured age from these galaxies is
determined by post formation processes unique to the cluster en-
vironment. If the younger age of these galaxies is due to longer
durations of initial star formation, then we would expect the op-
posite correlation as more star formation pushes toward higher
metallicities. Instead, the effect we find would support a frosting
scenario such that younger age correlates with mass (smaller gal-
axies being more susceptible to a burst event), but that chemical
evolution is primordial and independent of measured age.

3.8. Age Gradients

One of the most common criticisms of the Lick/IDS tech-
nique is that it finds a high fraction of galaxies with line-index–
determined ages of less than 7 Gyr, yet very red optical to near-IR
colors. This is inconsistent with other observations of ellipticals

from the fundamental plane and at intermediate redshifts (Rakos
& Schombert 1995). A reanalysis of the Trager et al. data set
by Schiavon (2007) finds that the number of young ellipticals
(� < 7 Gyr) had been overestimated. Using an improved set of
model tracks, Schiavon finds 3

4
of the Trager et al. sample to have

mean ages greater than 7 Gyr and only 1
4
younger. This study

finds only 7% of cluster galaxies younger than 7 Gyr, so even the
recalibrated Lick/IDSmethod still finds a higher fraction of young
systems. However, the Trager et al. sample covers a range of
galaxy environments, whereas our data are strictly a cluster sam-
ple. There are many studies suggesting an age difference between
the field and cluster environments (Thomas et al. 2005; Sánchez-
Blázquez et al. 2006; Annibali et al. 2007) in the direction of
younger ages in their field samples. But even considering only
their high-density samples, we still do not find the wide range of
ages suggested by studies using the Lick/IDS system.
Another comparison to the age and metallicity values extracted

for the Lick/IDS system, with respect to our continuum color tech-
nique, can be made by examining the SDSS averaged spectra
produced by Eisenstein et al. (2003). These spectra consist of
thousands of SDSS spectra selected by color and morphology.
These averaged spectra are divided into four luminosity bins, and
for our comparison we use the spectra taken over the full range of
environmental densities. Eisenstein et al. publish their Lick/IDS
values (which can be converted into age and metallicity through
the MgFe and H� indices using BC03 models), and their spectra
were re-reduced by Schiavon (2007) using a different technique
to derive the same Lick/IDS indices. Figure 11 displays the age–
metallicity–stellar-mass plane for our sample and the Eisenstein
SDSS spectra. Our data are averaged in galaxy mass bins of 0.5,
shown by the black symbols in Figure 11. Each data point is the
average of the bin; the error bars display the dispersion within
each bin (i.e., not uncertainties). Note that the separation into two
galaxy populations by age is blurred by this type of analysis, but
does reproduce many of the correlations seen in line indices study
(e.g., increasing agewith galaxymass). The blue diamonds display
the original Eisenstein et al. Lick/IDS values converted into age
and metallicity. The red diamonds represent the reanalysis values
by Schiavon. The green diamonds represent the spectra convolved
through our narrowband filters and converted into age and metal-
licity by comparison to our galaxy sample (the uz filter is estimated
from extrapolation of the near-UV portion of the SDSS spectra).
Figure 11 displays some of the more common problems

with the interpretation of Lick/IDS values. For example, the raw
Eisenstein et al. values are in fair agreement with our age values
as a function of mass (blue diamonds), but metal poorer than our
average [Fe/H] values. The Schiavon reanalysis recovers met-
allicity, but now the calculated ages are several gigayears youn-
ger than our mean ages. This is the same behavior discovered by
Monte Carlo simulations of correlated errors between age and
metallicity by Thomas et al. (2005).
When we reduce the Eisenstein spectra through our continu-

um color scheme we recover the mean ages and metallicities of
our cluster sample (although slightly younger and more metal
poor due to themixture of field and cluster spectra in the sample).
While the claim is made that the Lick/IDS H� index is age
sensitive independent of abundance changes, the comparison in
Figure 11 appears to indicate otherwise. The source of the dif-
ference between the Eisenstein et al. Lick/IDS values and the
Schiavon analysis is the amount of in-fill corrections made to the
spectra. Schiavon himself notes that, without these corrections,
the H� ages would be approximately 14 Gyr, closer to our val-
ues. Secondary age estimates from the Lick/IDS system (such as
the H� index) produce even younger mean ages; however, these
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indices have serious technical difficulties in their application
(Prochaska et al. 2007).

In x 3.4 we showed that it is impossible to distinguish, using
our colors, between a galaxy with a mean age of 8 Gyr and one
with an old population (13 Gyr) mixed with a 1% 1 Gyr burst.
However, the former scenario would produce ages from the
Lick/IDS system in concordance with our values and the frost-
ing scenario would be an obvious candidate to explain the dis-
crepancies between our age estimates and ones produced by the
Lick/IDS technique (Tantalo & Chiosi 2004; James et al. 2006).
Schiavon demonstrates that Eisenstein et al. values could be re-
produced by assuming a 0.5%–1% burst with a 1 Gyr population,
and exact match to the effects of a mild burst on our continuum
colors (see Fig. 7). To see how a frosting scenario would resolve
age discrepancy, consider the primary differences between the re-
sults derived from spectroscopy (i.e., the Lick/IDS system) and
our continuum color technique: (1) spectroscopic values for [Fe/H]
tend to higher than our values and (2) spectroscopic ages tend to
be younger than our calculated ages (see red vs. green diamonds
for [Fe/H] in Fig. 11 and the age histograms in Fig. 5). In ourmost
recent study of the metallicity values for ellipticals (J. Schombert
& K. Rakos 2008, in preparation), we performed a detailed study

of the differences in mean [Fe/H] as determined by the Lick/IDS
system (i.e., a direct measure of Fe lines) versus our technique
(which determines [Fe/H] by model interpretation of the colors
as driven by the position of the RGB). The correspondence be-
tween the twometallicities derived by spectroscopy and colors was
good; however, the Lick/IDS values were consistently higher than
our estimates by approximately 0.2 dex.

Examination into how the Lick/IDS measurements are made
revealed the source of the difference in our two metallicities.
Being a spectroscopic technique, the Lick/IDS values are ex-
tracted by slit observations of typically round galaxies. This means
the light observed by spectroscopicmethods is light extracted from
a slice through the galaxy’s core. For galaxies in the redshift range
of the Trager et al. study (between 1000 and 5000 km s�1), this
means that the light through the slit represents only 1

10
to 1

3
the

light of a galaxy as compared to our total luminosities or aperture
colors (for standard slit widths of between 200 and 500). In addi-
tion, the light obtained by spectroscopy is highly weighted by
core luminosity. In the typical galaxy observed at the distance of
Coma, 70% of the luminosity measured by slit spectroscopy is
due to stars within 1 kpc of the center (vs. only 20% for imaging).
For fiber studies, this effect is magnified as the data will only

Fig. 11.—Figs. 2–4 redrawn with averaged values for our cluster sample. Error bars display the dispersion in the averages, not uncertainties. This analysis blurs the
dual nature of galaxy populations, but reproduces the correlations seen in other studies. Blue diamonds display the model extracted values from the Eisenstein et al.
SDSS averaged spectra. The red diamonds represent the Schiavon (2007) reanalysis of those spectra using a different Lick / IDS technique. The green diamonds represent
the ages and metallicities deduced from our continuum color analysis to the same spectra (see text for discussion).
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encompass the core of a galaxy with no halo component. When
combining this bias with typical color gradients, J. Schombert
& K. Rakos (2008, in preparation) estimated that the resulting
Lick / IDS metallicity values would be approximately 0.2 dex
higher than values deduced from all the galaxy light (using a
simple model of internal metallicity distribution), exactly in agree-
ment with the color deduced values.

Whether the difference in age measurements made by the
Lick/IDS system, versus our continuum color technique, is due
primarily to an aperture effect will depend on the degree in which
age gradients are found in ellipticals. Color gradient work finds
that the measured gradients in ellipticals are fully explained by
changes in metallicity from galaxy core to halo (Thomas et al.
2005). This is also supported by a study of color gradients as
a function of redshift (Tamura & Ohta 2000), which found no
evidence for changes in color gradients due to look-back time out
to a redshift of 1. On the other hand, several line index studies
have detected significant age gradients in the H� index (Tantalo
et al. 1998; Sánchez-Blázquez et al. 2006). Both these studies
found younger stellar populations in their sample galaxy’s cores,
as well as finding the cores to be more metal-rich and enhanced
in �-elements (which would imply star formation from a simple
burst rather than a prolonged event).

Thus, the discrepancy between ages determined by our con-
tinuum colors, which measure the integrated light from a galaxy,
can be resolved if one considers a burst model. As bursts of star
formation are concentrated in galaxy cores (Thomas 1999), then
this will produce mean ages from spectroscopy skewed toward
the burst mean age. In addition, the burst population, being formed
later in a galaxy’s life, will be enriched inmetallicity (agreeingwith
metallicity gradients).

To consider age gradients in our own continuum color sample,
we examined the change in age with radius for a subsample of
galaxies in A1185. These age values are displayed in Figure 12,
where the aperture radius is used and the calculated age values
are deduced from the integrated colors of each aperture (vs. a
differential color). The observed gradient are small, typically only
a few gigayears. There are equal number of positive and negative
gradients in Figure 12 and certainly nothing to indicate that spec-
troscopic studies are being influenced by an extremely young
core population. However, as discussed in x 3.4, our intermediate
ages may be the combination of a young (less than 1 Gyr popu-
lation) and an old, 12 Gyr population. Spectroscopic signatures
of a burst population (i.e., the Balmer lines) may dominate the
our continuum colors (Serra & Trager 2007). If true, then this
would mean that the Lick/IDS technique is a powerful method
of detecting small, medium aged bursts, but (1) produces an age
measurement for the entire galaxy stellar population that is bi-
ased toward young values; (2) overestimates the metallicity of
the galaxy (instead it measures the core [Fe/H], which should be
a maximal value for the galaxy); and (3) deduces trends in � /Fe
which reflect the chemical evolution of the burst population, not
the global values for the galaxy as a whole. All consistent with
the differences we observe between color and line index estimates
of age and metallicity.

Lastly, the age differences between colors and line indices
may also be due to other hot star contributions to a galaxy’s color
and spectrum. For example, metal-poor horizontal branch (HB)
stars display spectral features similar to new star formation sig-
natures, particularly to the H� index and near-blue colors. How-
ever, in our examination of the internal metallicity distribution for
ellipticals (J. Schombert & K. Rakos 2008, in preparation), we es-
timated the contribution from an old, metal-poor component with

a multimetallicity model and measured its effect on our colors.
We found that, while metallicity estimates must take an old pop-
ulation into account, the metallicity distribution derived is sim-
ilar to that proposed by infall models of chemical evolution and
that the calculated mean age is insensitive to the metal-poor com-
ponents (J. Schombert &K. Rakos 2008, in preparation). This is a
recent change to our calculations due to the fact that the newest
SED models (Schulz et al. 2002) use isochrone tracks and prop-
erly fit the advanced stages of stellar evolution (i.e., HB popula-
tions). This result is also in agreement with a similar analysis by
Trager et al. (2005) where they find that the high H� values for
Coma galaxies has a small component from old, metal-poor HB
stars, but that a younger burst population must be mixed with an
older, primordial population to account for the variation in met-
allicity and age indices.

4. SUMMARY

We have presented a compendium of age and metallicity val-
ues determined using a narrowband color system. This method
differs from age and metallicity determination by spectroscopic
methods (e.g., the Lick/IDS system) by using a principle com-
ponent analysis technique tied to SED models and calibrated by
galactic globular age and [Fe/H] values. In addition, we have con-
firmed our age values by comparison to near-IR colors and vary-
ing SED models. Degeneracy constrains the range of age and
metallicity of our method to objects greater than 3 Gyr and more
metal-rich than ½Fe/H� ¼ �1:8, acceptable limits for the study
of red cluster galaxies. Objects with current or very recent star
formation can be identified by their colors, but their age and met-
allicity are not determined by our technique.

Fig. 12.—Age gradients for eight galaxies in A1185. Shown are age estimates
for various integrated apertures listed by log radius. Decreasing age gradients are
shown in blue, increasing age gradients in red, and neutral age gradients in green.
While galaxies with younger ages are found in A1185, their gradients are insuf-
ficient to explain the young galaxy ages measured by line index studies.

RAKOS, SCHOMBERT, & ODELL1030 Vol. 677



Our results can be summarized as the following:

1. We find that cluster early-type galaxies divide into two dis-
tinct populations: an old population with mean ages similar to the
age of the universe (i.e., primordial formation times) and a sec-
ond, younger population, separated by a gap in age of about 2 Gyr
from the oldest galaxies. The age of the gap population is con-
firmed by their near-IR colors. This distribution differs compared
to age distributions from SDSS studies (e.g., Gallazzi et al. 2006),
in that we find very few cluster galaxies with ages less than 7 Gyr
and the gap is distinct in all our clusters. In addition, the lack of a
smooth transition in age between the galaxy populations sug-
gests that a secondary process influences the measured age of
galaxies independent of the formation process. The large num-
ber of old galaxies will be a challenge to hierarchical models as
the seed systems under those formation scenarios will require
identical ages and metallicities.

2. We cannot distinguish, using SED models, between star
formation history scenarios where the younger gap population
is composed of a young age due to (1) later formation redshift,
(2) longer initial star formation duration, or (3) a later burst of
star formation (a ‘‘frosting event’’; Trager et al. 2000). However,
if the gap population is responsible for the high fraction of very
young ages (� < 7Gyr) found by many Lick/IDS studies, this
would argue for a frosting model as the spectroscopic studies are
more sensitive to a younger population (Serra & Trager 2007),
which would also explain the changes in� /Fe with galaxy mass,
a secondary clock to measure star formation duration.

3. While the oldest galaxies display very little correlation be-
tween age andmetallicity, the gap population has a weak positive
correlation between mean age and hFe/Hi. Since the youngest
galaxies have the lowest metallicities, then this implies that late
star formation does not contribute to the global metallicity of a
galaxy.

4. A clear environmental imprint is found on the younger gap
population as its cluster distribution is less concentrated than the
older galaxies. While a later epoch of formation would explain
this distribution (core galaxies forming a few gigayears before
the infalling population), the clustering properties of the younger
galaxies are similar to the higher redshift Butcher-Oemler galax-
ies. We interpret this correlation to imply a dynamical evolution-
ary effect that induces late bursts of star formation.

5. The age of the oldest galaxies in a cluster is correlated with
the cluster’s velocity dispersion (i.e., mass), which implies that
galaxy and star formation in the more massive clusters begins
earlier than in less massive clusters.

6. Surprisingly, there is no correlation between mean stellar
population age and galaxy morphology or structure. Despite a
large number of S0 galaxies in our sample, there is no evidence
that they have younger mean ages as one would have expected if
their disks had been quenched in the last few gigayears.

7. Age gradients were examined for a subsample of galaxies
in A1185. Positive and negative age gradients were found with
magnitudes of less than a few gigayears from core to halo.

A clearer picture begins to emerge concerning the ages of
galaxies when we combine the results from narrowband colors,
near-IR colors, line indices, and high-redshift work. The corre-
lations (and lack thereof ) found herein, between age, metallicity
and galaxy mass, support previous conclusions from the color-
magnitude relation and galaxy velocity dispersion–metallicity
relations.We also clarify the fact that the scatter in these relations
exceeds the expected uncertainties from observational error. This
is demonstrated in Figure 13, the color-magnitude for our vz� yz
color divided between the old population and the younger gap

galaxies. The scatter is reduced dramatically when only the oldest
galaxies are considered, even though the effect of age on vz� yz is
negligible over the range of 8–12 Gyr. This implies that the path
that a particular galaxy takes through star formation and chemical
evolution can vary, particularly within varying environments, and
the oldest galaxies truly represent a standard monolithic collapse
origin with a simple history of chemical evolution.

A comparison between age and metallicity values determined
by the Lick/IDS system and our color scheme argues that the
higher metallicities and lower galaxy ages measured by line in-
dices are real absolute values that reflect different sensitivities to
age-dependent features (see Serra & Trager 2007). Our technique
finds a global value for age and metallicity that tends to be less
metal-rich and older in luminosity-weighted age. This would sug-
gest strong age gradients in early-type galaxies such that values
from line index work are heavily weighted toward the core burst
populations values; however, none are detected in our sample
and their varying effect on age measurement techniques may dis-
guise their presence.

In conclusion, the study of age in galaxies suffers from the dual
nature of cluster galaxies in that they are both young and old. A
majority of cluster galaxies have primordial stellar populations,
dating back to the era of galaxy formation, plus for all cluster gal-
axies, amajority of their internal stellar populations are primordial.

Fig. 13.—Color-magnitude relation for our vz� yz color (4100–5500 8).
The top panel displays the color-magnitude relation for all galaxies older than
10Gyr. The bottom panel displays a gray scale of the top panel overlaying all the
data for galaxies younger than 10 Gyr. The scatter in the color-magnitude re-
lation is notability reduced when just considering a uniform sample of galaxies
of singular age.
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However, a significant fraction of cluster galaxies have a youn-
ger component that represents between 1% and 5% of the galaxy
mass. The study of this burst population illuminates recent envi-
ronmental processes in clusters and provides the connection to
observed star formation at higher redshifts.
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