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ABSTRACT

The aim of this paper is to set constraints on the epochs of early-type galaxy formation through the “archaeology”
of the stellar populations in local galaxies. Using our models of absorption-line indices that account for variable
abundance ratios, we derive ages, total metallicities, and element ratios of 124 early-type galaxies in high- and low-
density environments. The data are analyzed by comparison with mock galaxy samples created through Monte Carlo
simulations taking the typical average observational errors into account, in order to eliminate artifacts caused by
correlated errors. We find that all three parameters, age, metallicity, and «/Fe ratio, are correlated with velocity
dispersion. We show that these results are robust against recent revisions of the local abundance pattern at high
metallicities. To recover the observed scatter we need to assume an intrinsic scatter of about 20% in age, 0.08 dex in
[Z/H], and 0.05 dex in [«/Fe]. All low-mass objects with M, < 10'° M, (o< 130 km s~!) show evidence for the
presence of intermediate-age stellar populations with low «./Fe ratios. About 20% of the intermediate-mass objects
with 10" < M, /M. < 10" [110 < o/(km s~!) < 230; both elliptical and lenticular galaxies] must have either a
young subpopulation or a blue horizontal branch. On the basis of the above relationships, valid for the bulk of the
sample, we show that the Mg-o relation is mainly driven by metallicity, with similar contributions from the a./Fe ra-
tio (23%) and age (17%). We further find evidence for an influence of the environment on the stellar population
properties. Massive early-type galaxies in low-density environments seem on average ~2 Gyr younger and slightly
(~0.05-0.1 dex) more metal-rich than their counterparts in high-density environments. No offsets in the «/Fe ratios
are instead detected. With the aid of a simple chemical evolution model, we translate the derived ages and o/ Fe ratios
into star formation histories. We show that most star formation activity in early-type galaxies is expected to have
happened between redshifts ~3 and 5 in high-density environments and between redshifts 1 and 2 in low-density
environments. We conclude that at least 50% of the total stellar mass density must have already formed atz ~ 1, in
good agreement with observational estimates of the total stellar mass density as a function of redshift. Our results
suggest that significant mass growth in the early-type galaxy population below z ~ 1 must be restricted to less
massive objects, and a significant increase of the stellar mass density between redshifts 1 and 2 should be present,
caused mainly by the field galaxy population. The results of this paper further imply the presence of vigorous star
formation episodes in massive objects at z ~ 2—5 and evolved elliptical galaxies around z ~ 1, both observationally
identified as SCUBA galaxies and extremely red objects, respectively.

Subject headings: galaxies: abundances — galaxies: elliptical and lenticular, cD — galaxies: evolution —
galaxies: formation — galaxies: stellar content

Online material: machine-readable tables

1. INTRODUCTION

The most direct way to constrain the formation and evolution
of galaxies certainly is to trace back their evolution with redshift
(e.g., Aragon-Salamanca et al. 1993; Bender et al. 1996; Ziegler
& Bender 1997; Stanford et al. 1998; Kodama et al. 1999;
Poggianti et al. 1999; Ziegler et al. 1999; Kelson et al. 2000;
van Dokkum et al. 2000; Saglia et al. 2000). The price to be paid,
however, is that high-redshift data naturally have lower quality
and are therefore more difficult to interpret. A clear complication
is the so-called progenitor bias, which implies that galaxies ob-
served at low and high redshift are not necessarily drawn from the
same sample (van Dokkum et al. 2000). The alternative approach
is the detailed investigation of the stellar populations in local
galaxies, which has been pioneered by the analysis of slopes and
scatter of color-magnitude and scaling relations of early-type
galaxies (e.g., Dressler et al. 1987; Djorgovski & Davis 1987;
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Bower et al. 1992; Bender et al. 1992, 1993; Renzini & Ciotti
1993), followed by a number of detailed studies of absorption-
line indices (e.g., Peletier 1989; Gorgas et al. 1990; Worthey et al.
1992; Davies et al. 1993, 2001; Carollo & Danziger 1994; Rose
et al. 1994; Bender & Paquet 1995; Fisher et al. 1995; Jorgensen
et al. 1995; Greggio 1997; Vazdekis et al. 1997; Tantalo et al.
1998; Kuntschner & Davies 1998; Mehlert et al. 1998, 2003;
Worthey 1998; Kobayashi & Arimoto 1999; Vazdekis &
Arimoto 1999; Jargensen 1999; Terlevich et al. 1999; Kuntschner
2000; Kuntschner et al. 2001; Longhetti et al. 2000; Trager et al.
2000b; Poggianti et al. 2001a, 2001b; Carter et al. 2002; Proctor
& Sansom 2002; Terlevich & Forbes 2002; Saglia et al. 2002;
Cenarro et al. 2003; Caldwell et al. 2003; Thomas et al. 2003b;
and others). We call this the “archaeology approach.” The con-
frontation with predictions from models of galaxy formation is
certainly most meaningful when the two approaches, the min-
ing of the high-redshift universe and the archaeology of local
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galaxies, set consistent constraints. In this paper we follow the
latter approach.

The main challenge in the archaeology of stellar populations
is the disentanglement of age and metallicity effects. The use
of absorption-line indices is a powerful tool to lift this degen-
eracy (Faber et al. 1985; Gonzalez 1993; Worthey 1994) but
until now has been hampered by the fact that different metal-
lic line indices yield different metallicities and therefore differ-
ent ages (see references above). We have solved this problem
by developing stellar population models that include element
abundance ratio effects and now allow for an unambiguous der-
ivation of age, total metallicity, and element ratios from (Lick)
absorption-line indices (Thomas et al. 2003a, hereafter TMB).
A complication that remains, however, is the degeneracy be-
tween age and horizontal branch morphology, which stems
from the fact that the presence of warm horizontal branch stars
(which cannot be excluded) strengthens the Balmer absorption
and can mimic a younger stellar population age (de Freitas
Pacheco & Barbuy 1995; Maraston & Thomas 2000; Lee et al.
2000). We discuss this problem at greater length in the present
paper.

The principal aim of this study is to constrain the formation
epochs of the stellar populations in early-type galaxies as a func-
tion of their type (elliptical and lenticular), mass, and environ-
mental density. For this purpose we analyze a homogeneous,
high-quality data sample of 124 early-type galaxies in various
environmental densities. With our new stellar population models
(TMB) we determine ages, total metallicities, and «/Fe ratios
from the absorption-line indices H3, Mg b, and (Fe) and seek
possible correlations of these parameters with velocity disper-
sion. First tentative results have already been discussed in
Thomas et al. (2002). Here we present the final and more com-
prehensive analysis. In particular, we compare the observed data
set with mock samples produced through Monte Carlo simu-
lations taking the typical average observational errors into ac-
count, in order to eliminate the confusion caused by correlated
errors (Trager et al. 2000b; Kuntschner et al. 2001; Terlevich &
Forbes 2002).

The o/ Fe element ratio plays a key role in the accomplishment
of our main goal, namely, the derivation of formation epochs.
While the so-called «-elements O, Ne, Mg, Si, S, Ar, Ca, and Ti
(particles that are built up with a-particle nuclei) plus the ele-
ments N and Na are delivered mainly by Type II supernova
explosions of massive progenitor stars, a substantial fraction of
the Fe peak elements Fe and Cr comes from the delayed ex-
ploding Type Ia supernovae (e.g., Nomoto et al. 1984; Woosley
& Weaver 1995; Thielemann et al. 1996). Hence, the a/Fe ratio
quantifies the relative importance of Type II and Type Ia super-
novae (Greggio & Renzini 1983; Matteucci & Greggio 1986;
Pagel & Tautvaisiene 1995; Thomas et al. 1998) and therefore
carries information about the timescale over which star forma-
tion occurs. Thus, the «/Fe ratio can be considered to be an
additional measure of late star formation, and we use it both to
constrain formation timescales and to lift the degeneracy be-
tween age and horizontal branch morphology.

The paper is organized as follows. In §§ 2 and 3 we present the
methodology of the paper; i.e., we introduce the data sample,
briefly summarize the stellar population model of TMB, and ex-
plain the construction of the mock galaxy sample through Monte
Carlo simulations. The results of this analysis are presented in
§ 4. We use these results to explore the origin of the Mg-o re-
lation (§ 5) and derive star formation histories (§ 6) with the aim
of constraining the epoch of early-type galaxy formation. The
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Fic. 1.—Distribution of central velocity dispersion in high-density (gray
histogram) and low-density (hatched histogram) environments.

main results of the paper are discussed and summarized in §§ 7
and 8.

2. THE DATA SAMPLE
2.1. Sample Selection

We analyze a sample of 124 early-type galaxies, 70 of which
reside in low-density and 54 in high-density environments,
containing roughly equal fractions of elliptical and lenticular
(S0) galaxies. To maintain statistical significance, in the follow-
ing we make the rough bimodal distinction between low- and
high-density environments. It should be emphasized that the
classification “low density” comprises galaxies in environments
with low density, not necessarily isolated objects. The sample is
constructed from the following sources: 41 galaxies in high-
density (Virgo Cluster) and low-density environments (Gonzalez
1993), 32 Coma Cluster galaxies (Mehlert et al. 2000, 2003), and
51 galaxies (mostly low-density environment) from Beuing et al.
(2002) selected from the ESO-LV catalog (Lauberts & Valentijn
1989; highest quality objects). In this latter sample, objects with a
local galaxy surface density NGr > 9 are assigned to the high-
density environment. NG is given in Lauberts & Valentijn (1989)
and is the number of galaxies per square degree inside a radius of
1° around the considered galaxy (see Beuing et al. 2002). The
sample spans a large range in central velocity dispersion 60 <
oo/(km s7') < 340, with similar distributions in both environ-
ments (Fig. 1).

In the data samples quoted above, absorption-line strengths
are measured as functions of galaxy radius. We adopt the central
indices determined within 1/10 of the effective radius, so that
the analysis presented here does not suffer from aperture effects.
We use the Lick indices H3, Mg b, and (Fe) = 0.5(Fe5270+
Fe5335) to derive the stellar population parameters age ¢, total
metallicity [Z/H], and the element abundance ratio [a/Fe]. The
medians of the 1 ¢ errors in H3, Mg b, Fe5270, and Fe5335 are
0.06, 0.06, 0.07, and 0.08 A, respectively.

We have reobserved 19 objects of the Beuing et al. (2002)
sample with the same telescope (the 1.5 m telescope on La Silla)
with the principal aim of extending the wavelength range to the
blue (C. Mendes de Oliveira et al. 2005, in preparation). We find
a good agreement for the optical absorption-line indices HQ,
Mg b, and (Fe) between the two samples, with a small system-
atic offset in Mg b of 0.2 A. Since the latter observations have
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Fic. 2.—Lick indices [MgFe]' vs. H (top) and Mg b vs. (Fe) (bottom). Symbols represent the early-type galaxies analyzed in this paper, taken from Gonzalez (1993),
Beuing et al. (2002), and Mehlert et al. (2003). Index values are measured within ~1/10r,. Left and right panels show objects in high-and low-density environments,
respectively. Red symbols represent elliptical, blue symbols lenticular, and green symbols cD galaxies. Median 1 ¢ error bars are shown. SSP models (TMB) with the
metallicities [Z/H] = 0.0, 0.35, and 0.67 are plotted for different ages # = 2, 3, 5, 10, and 15 Gyr at fixed «/Fe ratio (ja./Fe] = 0; fop) and different «/Fe ratios
[a/Fe] = 0.0, 0.3, 0.5 at fixed age (¢ = 12 Gyr; bottom) as indicated by the labels.

higher quality because of the installation of a new CCD chip and
holographic grating, we corrected for the offset in Mg b and re-
placed the values of Beuing et al. (2002) with the new measure-
ments for the objects in common. We emphasize here, however,
that the results of this paper are not affected by this procedure.

2.2. Absorption-Line Indices

In Figure 2 we present the absorption-line index measure-
ments plotting [MgFe] versus Hf3 (top panels) and Mg b versus
(Fe) (bottom panels). The index

[MgFe]’ = /(Mg b)(0.72 x Fe5270 + 0.28 x Fe5335),

a slight modification of [MgFe] defined by Gonzalez (1993),
is almost completely independent of «/Fe ratio variations
(TMB). Left and right panels show data in high- and low-
density environments, respectively. Red symbols are elliptical,
blue symbols are lenticular, and green symbols are cD galaxies.
Overplotted are our stellar population models (TMB) for vari-

ous ages, metallicities, and «/Fe ratios as indicated by the labels
in the diagrams.

2.2.1. TMB Models

The TMB models take the effects from element abundance
ratio changes on all Lick indices into account and hence give
Lick indices of simple stellar populations (SSPs) not only as
functions of age and metallicity but also as a function of the «v/Fe
ratio. They are based on the evolutionary population synthesis
code of Maraston (1998, 2004). In Thomas et al. (2003a), the
impact from element ratio changes is computed with the help
of the Tripicco & Bell (1995) response functions, using an ex-
tension of the method introduced by Trager et al. (2000a). The
updated version used in this paper adopts the new metallicity-
dependent response functions from Korn et al. (2004). As dis-
cussed there, the impact of metallicity on the response functions
for the indices considered here is negligible (see also Thomas
et al. 2004) and hence does not affect the results of this paper.

Particular care was taken to calibrate the SSP models
with globular cluster data (Maraston et al. 2003), which—most
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importantly—include objects with relatively high, namely, solar,
metallicities (Puzia et al. 2002). We match very well their H,
Mg b, and (Fe) indices with models in which the «/Fe ratio is
enhanced by a factor of 2 relative to the solar value, in agree-
ment with results from high-resolution spectroscopy of individ-
ual stars (see TMB and Maraston et al. 2003 and references
therein). Because of the inclusion of element ratio effects, the
models allow for the clear distinction between total metallicity
[Z/H] and the « to iron peak elements ratio [«/Fe].

We use these models to derive the three stellar population
parameters age, metallicity, and «/Fe ratio from the three line
indices HG3, Mg b, and (Fe) in a twofold iterative procedure ex-
plained below. As mentioned in § 1, there is a degeneracy between
age and horizontal branch morphology. A way to lift this degen-
eracy is the consideration of the av/Fe ratio. We expect young stel-
lar populations generally to be characterized by lower «./Fe ratios
owing to the late enrichment of Fe from Type la supernovae.

In this paper we present a detailed investigation of the data set
based on Monte Carlo simulations as is discussed in the fol-
lowing sections. However, first tentative conclusions can already
be drawn by the direct comparison between the observational
data and SSP model grids, as discussed in the following.

2.2.2. Ages and Metallicities

The index [MgFe]' is a good tracer of total metallicity (still
degenerate with age, of course), since it is almost completely
independent of «/Fe ratio variations (TMB). Because Hf is
also only very slightly sensitive to a/Fe (TMB), the top panels
of Figure 2 are well suited to read off ages and total metallicities
independent of abundance ratio effects.

The sample splits into two subclasses divided by the Balmer
absorption index at H3 ~ 2 A. The main part of the data is cen-
tered around HB = 1.6 A, while about one-quarter of the objects
have relatively high H{ absorption, implying the presence of
either young stellar populations or blue horizontal branch mor-
phologies (Maraston & Thomas 2000). This surprisingly well-
defined separation is also discussed in Mehlert et al. (2003) for the
Coma Cluster objects alone. Interestingly, the pattern is still pres-
ent for the larger galaxy sample considered here, and in particular
the fraction of high-HS objects seems to be independent of the
environmental density (Fig. 2), but we do not find a significant
difference with respect to the galaxy type. Figure 2 further hints
toward a difference between objects as a function of environment
within the old (low Hf3) class, in the sense that galaxies in low-
density environments seem to have on average slightly younger
ages and higher metallicities. This difference is more clearly vis-
ible in the direct comparison of the derived ages discussed below.

2.2.3. Element Abundance Ratios

Figure 2 (bottom) can be used to get rough estimates for the
«/Fe ratios of the sample galaxies. It should be emphasized,
however, that the Mg b—(Fe) plane is not completely degenerate
in age, and the ages derived from the top panels have to be taken
into account for the precise derivation of a/Fe ratios. Never-
theless, we can infer from Figure 2 (bottom) that the o/ Fe ratios
range roughly between solar and 2 times solar and that objects
with strong Mg b indices, hence velocity dispersion because of
the Mg-o relation (e.g., Bender et al. 1993), tend to have higher
a/Fe ratios. At least no obvious impact from environmental
density on the «/Fe ratios is visible.

2.2.4. Derivation of Stellar Parameters

The stellar population parameters are derived in a twofold
iterative procedure. First, we arbitrarily fix the a/Fe ratio and
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determine ages and metallicities for the index pairs (HG, Mg b)
and (Hg, (Fe)) by starting with arbitrary age-metallicity pairs,
which we modify iteratively until both index pairs are repro-
duced. The two metallicities obtained from Mg b and (Fe), re-
spectively, are used to adjust the a/Fe ratio and to start a new
iteration. These steps are repeated until the age-metallicity pairs
derived from (H3, Mg b) and (Hf, (Fe)) at a given «/Fe ratio
are consistent within 1% accuracy. For ages and metallicities
between the grid points quoted above, we interpolate linearly.
The resulting ages, metallicities, and «/Fe for the sample under
investigation are listed in Table 3.

3. THE MONTE CARLO APPROACH

An uncomfortable effect of the degeneracy between age and
metallicity is that the errors of these stellar population parame-
ters are not independent. It is still a matter of debate, for instance,
whether the age-metallicity anticorrelation found for early-type
galaxies in a number of studies is an artifact caused by corre-
lated errors (Jargensen 1999; Trager et al. 2000b; Poggianti et al.
2001b; Kuntschner et al. 2001; Terlevich & Forbes 2002; Proctor
& Sansom 2002). A possibility to get a handle on these effects is
the performance of Monte Carlo simulations, taking into account
the observational uncertainties of the line indices from which the
stellar population parameters are derived. Kuntschner et al. (2001)
follow this method in order to assess the relationship between
the ages and metallicities of 72 early-type galaxies by comparison
with a mock sample produced through Monte Carlo simulations.

In this paper we extend the approach of Kuntschner et al.
(2001) to the full parameter space including «/Fe ratios in ad-
dition to age and total metallicity. We produce a sample of ar-
tificial galaxies with given ages, metallicities, and «/ Fe ratios,
from which we compute with the TMB SSP models the line in-
dices H33, Mg b, and (Fe). By means of Monte Carlo simulations
we perturb these “exact” values with the 1 o errors quoted above,
assuming a Gaussian error distribution. An illustrative example
for the resulting correlations between the errors of the three pop-
ulation parameters is given in Figure 3 for an artificial object
with H3 = 1.59 A, Mg b = 4.73 A, and (Fe) = 2.84 A, cor-
responding to an age of 10.7 Gyr, a metallicity [Z/H] = 0.26,
and [« /Fe] = 0.25 indicated by the dotted lines. The circles are
100 Monte Carlo realizations taking the 1 o errors in the line
indices (dHB = 0.06 A,dMg b = 0.06 A, dFe5270 = 0.07 A,
and dFe5335 = 0.08 A) into account.

The distributions of the resulting stellar population parameters
can be well described by Gaussians. The corresponding 1 o errors
are 1.48 Gyr in age, 0.04 dex in total metallicity, and 0.02 dex in
«/Fe ratio. We confirm that errors produce a very tight linear
anticorrelation between log age and metallicity (Fig. 3, top leff)
as already mentioned above. Interestingly, we find that the errors
of age and «/Fe ratio are also anticorrelated (Fig. 3, bottom leff).
This relationship is the result of the slightly stronger age depen-
dence of the Mg b index with respect to (Fe), caused by the larger
contribution from turnoff stars to Mg b and Mg, (Maraston et al.
2003). An underestimation of the age leads to the prediction of
lower Mg indices relative to iron, which results in the derivation
of a larger «/Fe ratio, and vice versa.

In the following, Monte Carlo simulations are used to re-
produce and analyze the distribution of the data in the diagrams
shown in Figure 2. The simulations are carried out in two steps;
low- and high-density environments are considered separately
throughout the analysis.

1. First, we seek correlations between galaxy velocity dis-
persion and the stellar population properties age, metallicity, and
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dHpB =0.06 A, dMg b = 0.06 A, dFe5270 = 0.07 A, and dFe5335 = 0.08 A. The resulting 1 o errors of the stellar population parameters are 1.48 Gyr in age,

0.04 dex in total metallicity, and 0.02 dex in «/Fe ratio.

«/Fe ratio that reproduce the majority of the data sample. In-
deed, Trager et al. (2000b) have already shown that velocity
dispersion is the only structural parameter that is found to
modulate the stellar populations of galaxies. Because we aim at
deriving average properties, simple stellar populations of single
age and single chemical composition are used. We start with the
velocity dispersion (o) distribution of the data sample shown
in Figure 1. On the basis of arbitrarily chosen relationships,
we assign to every o an age, metallicity, and «/Fe ratio, which
we transform into Hf3, Mg b, and (Fe). These indices are then
perturbed with the observational error (see above), adopting a
Gaussian probability distribution. In this way we obtain a mock
galaxy sample that is closest to the observational situation in
terms of size, velocity dispersion distribution, and error pertur-
bation. If necessary, we add an intrinsic scatter in the stellar
population parameters age, metallicity, and «/Fe. This step is
repeated until the majority of the observed data points in the
index-index diagrams [MgFe]’ versus H3 and Mg b versus (Fe)
are reproduced (comparison “by eye”). The quality of the fit is
further checked with respect to the zero points, slopes, and scat-
ter of the relationships between the stellar parameters (age, met-
allicity, and «//Fe ratio) and velocity dispersion. By means of
the index-index diagrams we identify those objects that are not

reproduced by the mock data sample based on the simple rela-
tionships introduced in this step.

2. In a second step, we therefore perturb the general simple
scaling laws found in the first step in two-component models in
order to match those remaining objects. As before, we adopt the
exact o-distribution of the outliers and assign age, metallicity,
and o/ Fe to every o on the basis of the above final relationships
to define the base population. Then we add a second component
with arbitrary stellar population parameters and determine the
index values of this composite population. These are then per-
turbed as in the first step and compared with the observational
data. We note that the contribution in mass of the second com-
ponent is treated as the fourth free parameter; hence, the solu-
tions will not be unique, since we have only three observables as
constraints (HS3, Mg b, and (Fe)). As discussed in detail below,
we use plausibility arguments to try to maintain the astrophysical
feasibility of the Monte Carlo realizations, in order to constrain
the relative weights of the subcomponents.

4. RESULTS

In Figure 4 the comparison of our Monte Carlo realizations
(black symbols) with the observational data (colored symbols)
is shown in the index-index planes introduced with Figure 2. By
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Diamonds represent realizations in which 70% of the galaxy’s stellar populations is assumed to form around a look-back time of 2.5 Gyr (see Tables 1 and 2). Left and
right panels show objects in high-and low-density environments, respectively. SSP models (TMB) with the metallicities [Z/H] = 0.0, 0.35, and 0.67 are plotted for
different ages r = 2, 3, 5, 10, and 15 Gyr at fixed a/Fe ratio (Ja/Fe] = 0; fop) and different o/ Fe ratios [« /Fe] = 0.0, 0.3, 0.5 at fixed age (¢ = 12 Gyr; bottom) as
indicated by the labels. Dotted lines in the bottom panels are models for # = 2 Gyr and [« /Fe] = 0.

means of the “age-metallicity” diagram (Fig. 4, top) we dis-
tinguish between four different categories, independent of the
environment, as indicated by the symbol types: (1) V light—
averaged ages older than ~5 Gyr (circles), (2) ages between 2
and 3 Gyr and metallicities [Z/H] < 0.35 (triangles), (3) ages
between 2 and 3 Gyr and metallicities 0.35 < [Z/H] < 0.67
(squares), and (4) ages between 2 and 5 Gyr and metallicities
[Z/H] 2 0.67 (diamonds).

Here we provide a short summary of how these categories
are reproduced; they are described in detail in §§ 4.1-4.4. Cate-
gory 1 contains intermediate-mass and massive galaxies [120 <
o/(km s~1)< 320] and can be reproduced by linear relation-
ships between the stellar population parameters and log o. For
simplicity we call this category “old population,” since cate-
gories 2—4, unlike category 1, require two-component models
with young subpopulations. Category 2 consists of low-mass gal-
axies [50 < o/(km s~')<130] and is reproduced assuming a

minor (10% in mass) young (~1.2 Gyr) subcomponent. Category
3 are young intermediate-mass galaxies [110<o/(km s~ 1)<
230] with a minor (20% in mass) young (~1.4 Gyr) compo-
nent, while category 4 contains young massive galaxies [190 <
o/(km s~!) < 360] with a major (70% in mass) young (~2.5 Gyr)
component. The data sample is well characterized by these four
object classes and well reproduced by the Monte Carlo simu-
lations. In the following section we discuss their characteristics in
detail. They are summarized in Tables 1 and 2.

4.1. Old Population (Circles)

This subpopulation represents the major fraction of the pres-
ent sample, namely, 60% and 70% in high- and low-density
environments, respectively, containing both elliptical and len-
ticular galaxies. The objects display relatively well-defined
relationships between absorption-line indices and central veloc-
ity dispersion, as shown in Figure 5 (colored symbols). Both
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TABLE 1
MoDEL PARAMETERS

Parameter Circles Triangles  Squares  Diamonds
o (km s™h) o 120-320  50-130 110-230 190-360
log (M. /My) ......... 10-12 <10 10-11 >11
First component ........ eq. (1) eq. (1) eq. (1) eq. (1)
Second component.... No Yes Yes Yes
Mass (%) ...ccccveueunne 10 20 70
Age (Gyr)... 1.2 1.4 2.5
[Z/H] o, ~0.2 ~0.8 ~0.7
[Q/Fe]ucuiiiiiiiiiene ~—0.06 ~0.20 ~0.34

Notes.—Stellar masses (row 2) are from eq. (2). The last five rows refer to
the second component.

metallic indices Mg b and (Fe) correlate with velocity dispersion,
which is well known for Mg b (e.g., Bender et al. 1993) and has
also been recently established for (Fe) (Kuntschner et al. 2001;
Caldwell et al. 2003; Bernardi et al. 2003). The Balmer index
Hg, instead, clearly tends to decrease with increasing o (see also
Kuntschner et al. 2001; Caldwell et al. 2003; Bernardi et al.
2003). Figure 5 shows that these relationships are essentially
independent of the environment, except that the (Fe)-o relation
seems somewhat flatter in low-density environments.

4.1.1. Scaling Relations

The black symbols in Figure 5 are the Monte Carlo realiza-
tions corresponding to the dominating ““old” population (Fig. 4,
circles). In these simulations we have assumed linear correla-
tions of the parameters age, metallicity, and «/Fe ratio with
log 0. The dependencies that best fit all three indices as functions
of velocity dispersion for objects in high-density environments
are (quantities in brackets are the values derived for the low-
density environment)

[a/Fe] = —0.42(—0.42) + 0.28(0.28) log o,
[Z/H] = —1.06(—1.03) + 0.55(0.57) log o,

log t/Gyr = 0.46(0.17) + 0.238(0.32) log 0. (1)

The simulations take the observational errors (see Fig. 3) into
account plus an intrinsic scatter Ao /Fe] = 0.05 dex, A[Z/H] =
0.08 dex, and At = 0.2¢ Gyr in high-density environments and
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Ala /Fe] = 0.07 dex, A[Z/H] = 0.10 dex, and At = 0.25¢ Gyr
in low-density environments. The relationships with velocity
dispersion including their scatter of the line indices are well re-
produced. The relative contributions of the observational errors
and the intrinsic scatter of the stellar population parameters to the
overall spread in the data and simulations is discussed in more
detail below.

Before doing so, we provide estimates of the stellar masses as
a function of velocity dispersion. For this purpose we transform
the ages and metallicities of equation (1) into stellar mass-to-
light ratios with the help of stellar population models and use
these to derive (via the Faber-Jackson relation; Faber & Jackson
1976) a relationship between stellar mass and velocity disper-
sion. We adopt the SSP models of Maraston (2004) for a Kroupa
initial mass function (IMF; note that a Salpeter IMF yields M/L
ratios, hence masses, that are higher by a factor of 1.6). The M/L
ratios (and masses) derived in this way from the high- and low-
density relationships vary by only 25% because the younger ages
of the low-density objects are balanced by higher metallicities. In
the following equation we therefore provide the resulting rela-
tionship between stellar mass M, and log o averaged over both
environments,

log M, ~ 0.63 +4.52logo. (2)
This yields the following relations between the stellar popu-
lation parameters and galaxy stellar mass:

[a/Fe] = —0.459(—0.459) + 0.062(0.062) log (M, /My,),
[Z/H] = —1.137(— 1.109) + 0.1217(0.1261) log (M. /M),
log /Gyr = 0.427(0.125) + 0.053(0.071) log (M, /M.).  (3)

4.1.2. Stellar Population Parameters

Figure 6 shows velocity dispersion and stellar mass versus the
stellar population parameters age, metallicity [Z/H], and [«/Fe]
ratio derived from the line indices shown in Figure 5. They are
summarized in Table 3. Observational data are the colored sym-
bols (see Fig. 2); the Monte Carlo realizations are shown as black
circles. The lines indicate the linear relationships of the stellar
population parameters with log o used in the simulations (see
eq. [1]). The residuals of the data and Monte Carlo simulations
from these relationships are shown in Figure 7 (gray and hatched
histograms, respectively). Note that the simulations take both

TABLE 2
SAMPLE PARAMETERS AND LINE INDICES

Name Sigma Error Hp Error Mg b Error (Fe) Error Type Environment Source Class
(1) @) & B O B C BN (5 NN ¢) B C) N O N 1) (1) (12) (13)

NGC 0221.....cccuee 72.1 2.6 231 0.05 2.96 0.03 2.75 0.03 E Low density Gonzalez Triangles
NGC 0224............. 156.1 3.7 1.67 0.07 4.85 0.05 3.10 0.04 SO Low density Gonzalez Circles
NGC 0315 321.0 3.9 1.74 0.06 4.84 0.05 2.88 0.05 E Low density Gonzalez Circles
NGC 0507.. 262.2 6.4 1.73 0.09 4.52 0.11 2.78 0.10 E Low density Gonzalez Circles
NGC 0547 235.6 3.6 1.58 0.07 5.02 0.05 2.82 0.05 E Low density Gonzalez Circles
NGC 0584 193.2 2.8 2.08 0.05 4.33 0.04 2.90 0.03 SO Low density Gonzalez Squares
NGC 0636.. 160.3 2.9 1.89 0.04 4.20 0.04 3.03 0.04 E Low density Gonzalez Circles
NGC 0720.. 238.6 5.2 1.77 0.12 5.17 0.11 2.87 0.09 E Low density Gonzalez Circles
NGC 0821.. 188.7 2.9 1.66 0.04 4.53 0.04 2.95 0.04 E Low density Gonzalez Circles
NGC 1453 286.5 3.5 1.60 0.06 4.95 0.05 2.98 0.05 E Low density Gonzalez Circles

Notes.—Table 2 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here for guidance regarding its form and
content. Cols. (3), (5), (7), and (9) give 1 o errors. Sources for the data (col. [12]): Gonzalez (1993), Beuing et al. (2002), Mehlert et al. (2003), and C. Mendes de
Oliveira et al. (2005, in preparation). The last column indicates the classification shown by symbol type in Fig. 4.
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Fic. 5.—Absorption-line indices as functions of velocity dispersion (mea-
sured within 1/10r,) for the “old” subpopulation shown as circles in Fig. 4 (el-
liptical, red; SO, blue; cD, green; taken from Gonzalez 1993; Beuing et al. 2002;
Mehlert et al. 2003). Median 1 o error bars are shown. The Monte Carlo real-
izations are shown by the black symbols. The latter take the observational errors
(see Fig. 3) into account plus an intrinsic scatter A« /Fe] = 0.05 dex, A[Z/H] =
0.08 dex, and A7 = 0.2¢ Gyr in high-density environments (/eff) and A[o /Fe] =
0.07 dex, A[Z/H] = 0.10 dex, and At = 0.25¢ Gyr in low-density environ-
ments (right).

the observational errors plus an intrinsic scatter of the stel-
lar population parameters at a given o (A« /Fe] = 0.05 dex,
A[Z/H] = 0.08 dex, and At = 0.2¢ Gyr in high-density envi-
ronments and Af« /Fe] = 0.07 dex, A[Z/H] = 0.10 dex, and
At = 0.25¢ Gyr in low-density environments) into account.
The red histograms are simulations without intrinsic scatter
for comparison.

4.1.2.1. a/Fe

We find a very clear correlation between «/Fe ratio and log o
or stellar mass. The existence of this relation has already been
anticipated qualitatively by a number of authors (e.g., Worthey
et al. 1992; Fisher et al. 1995; Greggio 1997; Jergensen 1999;
Kuntschner 2000; Terlevich & Forbes 2002) and has only re-
cently been confirmed quantitatively by means of stellar popu-
lation models with variable element abundance ratios (Trager
et al. 2000b; Proctor & Sansom 2002; Thomas et al. 2002;
Mehlert et al. 2003). The observed scatter about the relation can
only be reproduced assuming an intrinsic scatter in the [«/Fe] ra-
tio on the order of 0.05 dex, as shown by the hatched histograms

(Fe) = (Fe5270 + Fe5335)/2. Colored symbols are the values derived from the
observational data (elliptical, red; SO, blue; cD, green); median 1 o error bars are
shown. The Monte Carlo realizations (black circles) take the observational errors
(see Fig. 3) into account plus an intrinsic scatter A[a./Fe] = 0.05 dex, A[Z/H] =
0.08 dex, and At = 0.2¢ Gyr in high-density environments (/eff) and Ao /Fe| =
0.07 dex, A[Z/H] = 0.10 dex, and Az = 0.25¢ Gyr in low-density environ-
ments (right). Typical error bars are given in the bottom right corners.

TABLE 3

REsuLTs
Name Age  Ermror [Z/H] Error [a/Fe] Error
NGC 0221............ 2.4 0.2 0.152  0.030 —0.025 0.013
NGC 0224............ 7.0 1.7 0.441 0.048 0.219 0.017
NGC 0315............ 6.6 1.4 0.397  0.038 0.282 0.019
NGC 0507............ 8.1 1.9 0.261 0.071 0.246 0.040
NGC 0547 10.7 1.7 0.321 0.049 0.311 0.020
NGC 0584.. 2.8 0.3 0.478  0.046 0.223 0.014
NGC 0636.. 4.4 0.6 0376  0.028 0.133 0.013
NGC 0720.. 5.4 2.4 0.485  0.083 0.353 0.039

NGC 0821 8.9 1.2 0.297  0.036 0.189 0.015
NGC 1453............ 9.4 1.6 0.380  0.044 0.256 0.018

Nortes.—Table 3 is published in its entirety in the electronic edition of the
Astrophysical Journal. A portion is shown here for guidance regarding its form
and content. The stellar population parameters age, total metallicity [Z/H], and
[a/Fe] abundance ratio are derived from HB, Mg b, and (Fe) (Table 2) using
SSP models of Thomas et al. (2003a, 2004). Cols. (3), (5), and (7) give | o
errors. The latter are estimated via Monte Carlo simulations (see text).
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Fig. 7.—Residuals of the relations shown in Fig. 6 for the observationally derived data ( gray histograms) and the simulations (hatched histograms). The latter take
the observational errors (see Fig. 3) plus an intrinsic scatter A /Fe] = 0.05 dex, A[Z/H] = 0.08 dex, and Az = 0.2¢ Gyr in high-density environments (fop) and
Ala/Fe] = 0.07 dex, A[Z/H] = 0.10 dex, and At = 0.25¢ Gyr in low-density environments (bottom) into account. The red histograms show the residuals of

simulations without intrinsic scatter of the stellar population parameters.

in Figure 7. In the simulations without intrinsic scatter (Fig. 7,
red histograms), the scatter in «/Fe is significantly smaller than
the observed distribution.

Most interestingly, as already shown in Thomas et al. (2002),
the «/Fe—o relation (and its scatter) of early-type galaxies is
independent of the environmental density (see also eq. [1]). This
reinforces and extends the results of the studies by Jergensen
et al. (1995) and Terlevich & Forbes (2002), which are based on
stellar population models tied to solar element ratios. Curiously,
early-type galaxies in low-density environments seem to exhibit
stronger CN absorption features than those in high-density en-
vironments (Sanchez-Blazquez et al. 2003). Since a significant
fraction of C and N comes from intermediate-mass stars in the
mass range 5 < M /M < 8 (Renzini & Voli 1981), this points
toward about 108 yr longer formation timescales in low-density
environments. A delay well above this value can certainly be
excluded, since the o/ Fe ratio is independent of the environment.
Hence, if true, the above result means that there must be an
amazingly high degree of fine tuning in the formation timescales
of early-type galaxies as a function of environmental density.

4122.Z/H

Besides «/Fe, total metallicity Z/H also correlates with o;
hence, more massive early-type galaxies are also more metal-rich
(see also Greggio 1997). This result is sensible in terms of
chemical evolution, since the deeper potential well of massive
objects hampers the development of a galactic wind, which leads
to a more complete chemical processing to higher element abun-
dances (e.g., Arimoto & Yoshii 1987; Matteucci 1994; Edmunds
1990). The observational scatter is best reproduced assuming
about 0.1 dex of intrinsic scatter in total metallicity at a given
velocity dispersion (Fig. 7, hatched histograms). Different from
the «/Fe ratio, however, simulations without intrinsic scatter
still provide a reasonable representation of the data (Fig. 7, red
histograms).

Unlike for the «/Fe ratio, we detect a slight impact of the
environmental density in the sense that galaxies in low-density
environments appear about 0.05-0.1 dex more metal-rich than
their counterparts in high-density environments (see also eq. [1]).

This implies that galaxies in high-density environments seem to
be more efficient in ejecting interstellar material in galactic
winds, which might be caused by galaxy interactions and/or gas
stripping processes.

4.1.2.3. Age

As noted in previous studies ( Trager et al. 2000b; Kuntschner
etal. 2001; Terlevich & Forbes 2002), age seems to be the weak-
est variable among early-type galaxies; the data show no signif-
icant trend between age and velocity dispersion. However, it
has also been shown by Kuntschner et al. (2001) that correlated
errors of age and metallicity tend to dilute a correlation between
age and metallicity because a slight overestimation of Z/H leads
to an underestimation of the age and vice versa. In Figure 6 we
show that the observational data are best reproduced by a rela-
tively flat but significant correlation between age and velocity
dispersion (see solid lines and eq. [1]), in agreement with pre-
vious studies (Proctor & Sansom 2002; Proctor et al. 2004a,
2004b). The scatter of the observationally derived age (and of the
Balmer index H3; see Fig. 5) is relatively well reproduced by the
simulations without any intrinsic scatter (Fig. 7, red histograms).
A scatter of the order of 20% at a given ¢ improves the fit, as
shown by the hatched histograms in Figure 7.

To conclude, the mean age of early-type galaxies is weakly
correlated with galaxy mass with about 20% intrinsic scatter.
From this antihierarchical relationship we infer that the stellar
populations of more massive early-type galaxies have formed
earlier, which is further supported by their high «/Fe ratios.

Unlike in the case of the «/Fe ratio and total metallicity, we
find a significant difference between the ages of galaxies in high-
and low-density environments. There is a clear offset, indicating
that the stellar populations of early-type galaxies in low-density
environments are on average about 2 Gyr younger, in agreement
with previous results (Trager et al. 2000b; Poggianti etal. 2001b;
Kuntschner et al. 2002; Terlevich & Forbes 2002; Caldwell et al.
2003; Proctor et al. 2004b). This relative age difference caused by
environmental effects is in very good agreement with the predic-
tions from semianalytic models of galaxy formation (Kauffmann
& Charlot 1998).
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4.2. Low-Mass Galaxies (Triangles)

The objects of the low-mass tail of the velocity dispersion
distribution (Fig. 1) with stellar masses M, < 10'° M, (eq. [2])
all exhibit relatively high Balmer indices, indicating light-
averaged ages between 2 and 3 Gyr (Fig. 4, triangles). We re-
cover these objects with two-component composite stellar popu-
lation models based on the old population (Fig. 4, circles), the
properties of which are specified in equation (1). Extrapolation
to the appropriate o yields ages between 6 and 8 Gyr for the base
old population. The average ages of the low-mass objects in
both environments are then matched by contaminating this base
old population with a 10% contribution (in mass) of a young
(~1.2 Gyr) population (see Fig. 4, filled triangles). As men-
tioned earlier, this is certainly not a unique solution, since the
contribution in mass and the look-back time of the star formation
event are highly degenerate and therefore only poorly constrained.
Alternatively, the addition of a major young component con-
tributing 70% in mass with an age of 2 Gyr also reproduces the
observed line indices. We can conclude, however, that rela-
tively recent star formation in low-mass early-type galaxies is
required to explain the observational data (see also Trager et al.
2000b).

The model with the minor young component gets some
support from the «/Fe ratios. Figure 4 (bottom) shows that the
Mg and Fe indices are also well reproduced by assuming that
the young component is 0.2 dex less a/Fe enhanced than the
base old population. This clearly favors the option of a young
component over the possible presence of old blue horizontal
branch stars as an explanation for the relatively strong Balmer
absorption observed in low-mass galaxies. The metal indices of
the objects are relatively weak; we needed to assume the young
component to be about 0.2 dex more metal-rich than the base
old population.

4.3. Young Intermediate-Mass Galaxies (Squares)

This subpopulation of objects with velocity dispersions be-
tween 110 and 230 km s_l, hence 7 x 10° SM. /My <2x 1ol
(see eq. [2]), represents a minor fraction of the whole sample,
namely, ~14% containing both elliptical and lenticular types.
There is no obvious dependence on environmental density and
galaxy type. We consider the slight bias toward more lenticular
galaxies in high-density environments (6 SOs of 8 early types in
high density vs. 4 SOs of 9 early types in low density) as sta-
tistically not significant given the relatively small sample size.

The striking feature of these objects is their relatively strong
Balmer line index, yielding light-average ages between 2 and
4 Gyr. To reproduce their HG indices, we model these galaxies
with a two-component model, adding a minor young component
as described in the previous paragraph. Different from low-mass
galaxies, however, are the metallicities of the young subcom-
ponent. To match the relatively strong [MgFe]’ index observed,
extraordinarily high metallicities for the young component are
required. The smaller the contribution (in mass) of the subcom-
ponent is, the higher its metallicity needs to be. The avoidance of
unplausibly high metallicities ([Z/H] Z 0.8 dex) therefore sets a
lower limit to the weight of the subpopulation. Metallicities be-
low that limit are ensured if the young subpopulation contributes
at least 20% in mass. For this lower limit, an age of 1.4 Gyr and
metallicities around [Z/H] ~ 0.8 dex are required to reproduce
the observational data. An upper limit cannot be constrained. The
high metallicity of the young component points toward a much
higher effective yield during the formation of the young com-
ponent in these intermediate-mass objects, compared to the low-
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mass objects discussed above. This means that chemical evo-
lution and the buildup of metals is less efficient in low-mass
objects, in agreement with the general picture that objects with
shallower potential wells develop galactic winds more easily
(e.g., Arimoto & Yoshii 1987; Matteucci 1994; Edmunds 1990;
Chiosi & Carraro 2002).

Also different from the case of the low-mass galaxies, we had
to assume the young population to have the same «/Fe ratio as
the base old population in order to reproduce their Mg and Fe
indices (Fig. 4, bottom; compare with dotted model lines fort =
2 Gyr). This spoils the interpretation of the enhanced Balmer
line strengths in terms of the presence of an intermediate-age
stellar population. The separation in age between the old and
young components amounts to several billion years, plenty of
time for Type Ia supernovae to enrich the interstellar medium
with iron. Forming out of this Fe-enhanced material, it will be
impossible for the young component to reach significantly su-
persolar a/Fe ratios. Even the self-enrichment of the young
component from Type II supernovae during the burst is not
sufficient to raise the average «/Fe ratio of the newly born stel-
lar populations independent of the burst timescale, as shown in
Thomas et al. (1999).

The interpretation of the observed strong Balmer line indices
in terms of recent star formation could be recovered under the
rather contrived assumption that the Type Ia supernova ejecta
originating from stars of the base old population have been lost
selectively in galactic winds before the formation of the young
subpopulation. Alternatively, the latter must have formed with a
stellar IMF significantly flatter than Salpeter. A flat IMF slope
would naturally reproduce the very high metallicity of the young
component derived here. On the other hand, compelling evi-
dence for systematic variations of the IMF slope in starbursts has
not been found thus far (Leitherer 1998).

However, we have to be cautious here. Relatively high a/Fe
ratios are needed for the young subpopulation because in the
models Mg b decreases significantly with decreasing age at the
highest metallicity, and it is possible that the fitting functions
are in error in this regime owing to bad input stellar data. On top
of this, the extraordinarily high metallicities of the young sub-
component ([Z/H] ~ 0.8) require extrapolation well above
the highest metallicity model ([Z/H] = 0.67), which makes the
model indices very unreliable. The relatively low Mg b index of
the model, which causes the need for the relatively high a/Fe
ratio, might be an artifact of bad calibration. To conclude, lower
values for the young subpopulation cannot be excluded, which
rehabilitates the possibility of the presence of an intermediate-
age population.

Alternatively, the strong Balmer lines might be the result of
blue horizontal branch stars rather than a young population,
which we discuss in detail below.

4.4. Young Massive Galaxies (Diamonds)

Finally, the diamonds in Figure 4 indicate a subclass of very
massive early-type galaxies (M, > 10'" M) that have strong
HpA3 and strong [MgFe]' absorption indices, implying light-
averaged ages between 2 and 5 Gyr, and very high metallicities
of [Z/H] Z 0.67 dex. From Figure 4 it can be seen that the oc-
currence of these objects is restricted to high-density environ-
ments. Moreover, they are only lenticular galaxies; no elliptical
galaxies with such low average ages and high metallicities are
found (see Fig. 4). The vast majority (80%) of all SO galaxies
with o > 200 km s~! in our sample and the two Coma cD gal-
axies belong to this object class (see also Kuntschner 2000;
Poggianti et al. 2001b; Mehlert et al. 2003).
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Fic. 8. —Comparison of the effects of age and blue horizontal branch on the absorption indices H3, Mg b, and (Fe). Symbols and model grid are as in Fig. 4. The
arrows labeled “HB” show the index changes of a 10 Gyr population ([Z/H] = 0.35, [ /Fe] = 0.3, red giant branch mass-loss parameter 7 = 0.33) when a blue
horizontal branch = 0.55 is considered. For comparison, the effect of reducing the age to 1.5 Gyr is indicated by the arrows labeled “age.”

The metallicities are more than 0.2 dex above the average
metallicity of the most massive objects in the old base population
constrained by equation (1). Such a significant increase in aver-
age metallicity obviously cannot be obtained in a two-component
model with only 10%—-20% being a metal-rich subpopulation,
unless unreasonable high metallicities above 10 times solar are
assumed. We therefore have to increase the weight of the young
population. The filled diamonds shown in Figure 4 are models in
which the old base population is “perturbed” with a 2.5 Gyr
young population with metallicities as high as [Z/H] ~ 0.7 dex
contributing 70% in mass. Lower metallicities can be adopted
only under the assumption that an even larger fraction of the
stellar populations belongs to the second component.

Interestingly, as in the previous case these objects have very
high a/Fe ratios. For the young component we need to adopt
a/Feratios as they are given by equation (1); hence, [« /Fe] > 0.2
for o > 200 km s~!. This fits well into the picture that the young
average ages are not the result of minor recent star formation but
rather the consequence of a recent very massive star formation
event at a redshift around z = 0.3 forming the majority of the
galaxy’s stellar populations on a short timescale. This would
imply that massive SOs and cD galaxies in clusters form very
recently, while elliptical galaxies of comparable mass contain
only old stellar populations. This explanation seems contrived,
and it remains to be seen whether it can be understood in the
framework of galaxy formation models.

4.5. Blue Horizontal Branch Stars at High Metallicities

Alternatively, the strong H{ indices discussed above might be
caused by the presence of metal-rich, blue horizontal branch
stars (see § 1). Such blue horizontal branch stars may originate
from either a metal-poor subpopulation as discussed in Maraston
& Thomas (2000) or metal-rich populations with blue horizontal
branch morphologies due to enhanced mass loss along the red
giant branch evolutionary phase. Here we consider this latter
option.

4.5.1. The Origin of Blue Horizontal Branches

The mass loss along the red giant branch can be theoretically
understood as stellar winds being produced by the acoustic flux
generated by the superadiabatic convection in the outer con-
vective zone of the red giant (Fusi-Pecci & Renzini 1975). The
fraction of acoustic energy that is used to remove the stellar
envelope is not known from physically motivated first princi-

ples. An alternative is the empirical determination of the mass-
loss rate, which has been done by Reimers (1975) studying the
behavior of the circumstellar calcium K line in a large number
ofred giants and supergiants. The normalization of the resulting
formula, however, suffers from very large uncertainties.
Fusi-Pecci & Renzini (1976) combined the two approaches
and introduced an efficiency factor 1) for Reimers’ formula. They
calibrated the mass-loss rate with observational constraints such
as the horizontal branch morphology (Rood 1973), the limiting
initial mass for carbon ignition (~4 M, for the Hyades; van den
Heuvel 1975), and finally the solar mass-loss rate. An efficiency
7 =~ 0.33 turned out to be the most appropriate choice. This value
is adopted in the models of Maraston (1998, 2004). Note that the
observational uncertainties in Reimer’s formula allow this effi-
ciency factor to lie in the range 0.3 < 7 < 3. The problem is that
the calibration has been carried out at subsolar metallicity, and
deviations from this canonical value, in particular at higher
metallicities, cannot be excluded (Greggio & Renzini 1990).

4.5.2. Effect on the Line Indices

The models of TMB are based on Maraston (1998, 2004)
and thus rely on the calibrated value = 0.33. Here we addition-
ally compute models with the slightly larger efficiency factor
7 = 0.55, which is well within the range of uncertainty allowed
by the Reimers formula. These models have bluer horizontal
branch morphologies and therefore predict significantly stron-
ger Balmer indices and slightly weaker metallic indices. This is
shown in Figure 8 (/ef?) by the arrow labeled “HB” fora 10 Gyr
old population. The arrow labeled “age” shows the location of a
model with age ¢t = 1.5 Gyr, which yields the same H3 value,
for comparison. The steeper slope of the HB model illustrates the
weaker sensitivity of the metallic line indices to horizontal
branch morphology than to age. The relative effect of Mg b and
(Fe) is shown in Figure 8 (right). Relative to (Fe), the Mg b
index responds more strongly to a decrease of age than to a
blueing of the horizontal branch. As a consequence, the slope of
the HB model is also steeper in the Mg b—(Fe) diagram. Note
that the slope is comparable to that of the model varying met-
allicity at a constant «/Fe ratio and age.

4.5.3. Two-Component Model

These results will mainly affect the age determination. To test
this, we have constructed a two-component model in which the
base old population is contaminated with 50% of an old metal-rich
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population with blue horizontal branch stars. The location of
both the squares and the diamonds in Figure 4 is reached by these
models without invoking the presence of intermediate-age pop-
ulations. We had to assume the metallicity of the second com-
ponent to be about 0.2—0.4 dex higher than the average of the
base population, while the «/Fe ratio needs to be about 0.1 dex
lower. Hence, the blue HB option requires the assumption that
preferentially the metal-rich stars in a composite stellar popu-
lation develop blue horizontal branches. The slightly lower «/Fe
ratios would fit into this picture, since the most metal-rich pop-
ulations must have formed latest and should therefore be least
«/Fe enhanced.

4.5.4. Young versus Blue Horizontal Branch

To conclude, neither option—intermediate-age population nor
blue horizontal branch—can be excluded; further observational
constraints to distinguish the two alternative explanations are
required. If intermediate-age populations are present in these gal-
axies, they should be detectable by their very red near-infrared
colors, because of the major contribution to the bolometric from
asymptotic giant branch stars at ages between 0.5 and 2 Gyr
(Maraston 1998, 2004, 2005; Maraston et al. 2001; Silva &
Bothun 1998).

Unambiguous indicators of blue horizontal branches, in-
stead, still need to be found. The Ca 1 index defined by Rose
(1984), even though promising, does not solve the problem
because it is still degenerate between gravity and metallicity
effects. Schiavon et al. (2004) show that in metal-poor globular
clusters the higher order Balmer line index Hoy is more sensi-
tive to the presence of blue horizontal branches than Hf3. Hence,
the index ratio Héx/H( may be a tool to break the degeneracy
between age and horizontal branch morphology. It is not clear,
however, whether this effect is still present at solar metallicities
and above, which are relevant to massive galaxies. Moreover, in
Thomas et al. (2004) we show that at such high metallicities the
Hér/HQ index ratio becomes very sensitive to the a/Fe ratio in
the sense that Héz/H3 increases with «/Fe. If blue horizontal
branches ought to be detected in early-type galaxies by means
ofthe Hér/Hf3 ratio, the dependence on «/Fe certainly has to be
taken into account. It will be interesting to make these checks
for the galaxy sample discussed here. Such an analysis will be
the subject of a future study.

5. THE ORIGIN OF THE Mg-oc RELATION

The correlations of the stellar population parameters age,
total metallicity, and o/ Fe ratio with central velocity dispersion
shown in Figure 6 and equation (1) allow us to constrain the
origin of the well-known Mg-o relation (Fig. 5, top). We recall
that the correlations found here suggest that all three parameters
correlate with o and hence support the Mg-o relationship.

Figure 9 shows the observed Mg b—o relation of the whole
sample, high- and low-density environments combined. It can
be verified from Figure 5 that the environment has a negligible
effect on the Mg-o relation, in agreement with previous findings
based on much larger samples (Bernardi et al. 1998; Colless
etal. 1999; Worthey & Collobert 2003). Circles are the old pop-
ulation representing the major fraction of the sample, while
triangles, squares, and diamonds are the “young outliers” dis-
cussed in the previous section (see also Fig. 4). Red and blue
symbols are elliptical and lenticular galaxies, respectively.
Green symbols are cD galaxies. The black symbols are the
Monte Carlo realizations. The solid line is the Mg b—o relation
that results from the relationships given in equation (1) (aver-
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the Mg b—o relation resulting from the relationships given in eq. (1) averaging
over high-and low-density environments. The short-dashed line shows the re-
sulting Mg b—o relation if only age is assumed to be the driving parameter
adopting eq. (1). The long-dashed line demonstrates the effect of additionally
adding the dependence on a/Fe ratio from eq. (1).

aging over both environments). The short-dashed line shows
the resulting Mg b—o relation if only age is assumed to be the
driving parameter adopting equation (1). The dependencies of
both total metallicity and o/ Fe ratio with o are suppressed. The
long-dashed line demonstrates the effect of additionally adding
the dependence on «/Fe ratio from equation (1).

It can be seen that total metallicity has by far the largest share
(60%) in shaping the relation, followed by the a//Fe ratio con-
tributing only 23% to the observed slope. The contribution from
age is about 17% and hence is the smallest but comparable
to that of a/Fe. We emphasize that these numbers do not vary
significantly with environmental density. As can be inferred
from Figures 5 and 6, the scatter of the Mg b—o relation among
the old population (circles) results from intrinsic scatter in all
three stellar population parameters. The (Fe)-o relation is much
shallower (see Fig. 5) because the increasing «/Fe ratio with
o diminishes the (Fe) index, largely compensating for the increase
due to increasing metallicity (see also Mehlert et al. 2003).

This result fits very well with the fact that the color-magnitude
relation also appears to be driven by metallicity rather than age
(Kodama & Arimoto 1997; Stanford et al. 1998; Terlevich et al.
1999; Vazdekis et al. 2001; Merluzzi et al. 2003), even though
the effect of the o/ Fe ratio variations on colors is still not very
well understood (Thomas & Maraston 2003).

Finally, we briefly examine the location of the young outliers
of Figure 4 (triangles, squares, and diamonds). The low-mass
and intermediate-mass objects with young light-averaged ages
(triangles and squares) are clearly off the relation and exhibit
systematically lower index values (by ~0.5 A) at a given o.
Their slightly larger light-averaged metallicities (see Fig. 4) ob-
viously do not suffice to bring them back onto the relationship.
The case of the class of massive, apparently young Coma Clus-
ter lenticular galaxies (diamonds) is different. Their extremely
high light-averaged metallicities compensate totally for the de-
crease in Mg b caused by the young light-averaged ages. As far
as the Mg b—o relation is concerned, these objects are indis-
tinguishable from the main body of the sample.
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6. FORMATION EPOCHS

The relations shown in Figure 6 (see also eqs. [1] and [3]) can
be used to constrain the epochs of the main star formation ep-
isodes and the star formation timescales for early-type galaxies
as a function of their mass and environmental densities. It should
be emphasized that the majority of the objects in the present
sample obey these relationships. Only 15% of the sample (Fig. 4,
squares) require a 20% contribution from intermediate-age pop-
ulations on top of the base old population described by equa-
tion (1), and a further 9% (diamonds) are best modeled assuming
70% young populations. The young low-mass galaxies (Fig. 4,
triangles) do not play a significant role in the total mass budget of
early-type galaxies, the latter being dominated by L* galaxies
with M, ~ 10'! M, situated at the turnover of the luminosity
(mass) function (Bell et al. 2003; Baldry et al. 2004). This im-
plies that about 90% of the total stellar mass hosted by early-
type galaxies is well represented by the relationships given in
equation (1).

6.1. Relating Timescale and o/ Fe Ratio

The key point of this analysis is that the «/Fe ratio lifts the
degeneracy between formation epoch and formation timescale.
This is done by relating the observationally derived luminosity-
averaged «/Fe ratios of the stellar populations with the time-
scales of their formation. For this purpose we simulate the
formation and chemical evolution of a set of toy galaxies as-
suming various star formation histories characterized by dif-
ferent timescales, similar to the exercise presented in Thomas
et al. (1999).

We start with a gas cloud of primordial chemical composi-
tion. By imposing a star formation rate as a function of time,
which is given by the specific star formation history assumed,
we let the gas cloud form stars. These stars enrich the gas of the
cloud (the interstellar medium) with heavy elements produced
mainly in supernova explosions. For the aim of this paper we
follow the chemical enrichment of o and Fe peak elements. A
key point is that we take the delayed enrichment of Fe from
Type Ia supernovae into account using the prescription of Greggio
& Renzini (1983; see Thomas et al. 1998 for more details). Stellar
populations successively form out of more and more chemically
enriched gas, resulting in the buildup of a composite stellar pop-
ulation. Every generation of stars in this composite will have the
chemical composition, and hence a/Fe ratio, of the gas out of
which it had formed. We examine this population 12 Gyr after
the formation of the first stellar generation and calculate its
light—averaged [«/Fe] ratio, which corresponds to the quantity
observationally derived in this study. The weight in V' luminosity
of the single stellar populations as a function of their ages is
adopted from the M /L ratios of Maraston (2005). The IMF slope
is kept fixed to Salpeter. As in Thomas et al. (1999), the simu-
lations are carried out assuming a closed box, which implies that
selective mass loss is assumed not to occur and thus not to affect
the a/Fe ratio.

The star formation histories in the different runs are chosen to
be Gaussians of various widths At (FWHM). We find the fol-
lowing linear relationship between «/Fe ratio and log At:

[a/Fe] = 1_ % log At. (4)

(V)]

The equation reflects what has already been shown in Thomas
et al. (1999), namely, that a ratio [ /Fe] = 0.2 of a composite
stellar population requires formation timescales Az < 1 Gyr. The

EPOCHS OF EARLY-TYPE GALAXY FORMATION 685
Redshift
0.2 0.5 1 2 3 5
3 T T T T T

High density

Low density

dM.,/dt /M, (Gyr-1)
w

log M./Mg ~ 9.7 SQOBRHE
e QAN

Lookback Time (Gyr)

Fic. 10.—Star formation histories of early-type galaxies as a function of their
stellar masses M, (see labels). The stellar masses M, correspond to the velocity
dispersions o = 100, 140, 190, 240, 280, and 320 km s~ (see eq. [2]). The star
formation histories are derived from the mean ages and [«/Fe] ratios shown in
Fig. 6 and egs. (1) (or [3]) and (4). Redshifts assume €2,, = 0.3, 24 = 0.7, and
Hy = 75kms~! Mpc~! (Spergel etal. 2003). The dotted line marks the average age
of a high-density object with M, = 10'! M, (¢ = 320 km s~') for comparison.

larger Az, the lower is the final a/Fe ratio of the stellar popula-
tion because of the late enrichment of Fe from Type la super-
novae. Star formation extended over the Hubble time yields an
a/Fe close to solar. We note that this link between o/ Fe ratio and
star formation timescale is in very good agreement with the more
detailed chemical evolution simulations of Pipino & Matteucci
(2004).

The combination of equations (1) and (3) with equation (4)
then yields correlations of At with o and mass for early-type
galaxies valid in both high and low environmental densities:

log At = 3.44 — 1.68 log o
~3.67 — 0.37 log (M,./M). (5)

Equations (1) and (3) further give the light-average ages as a
function of o, constraining the epoch at which the object has
formed.

6.2. The Star Formation Histories

The resulting star formation histories for various galaxy
masses and velocity dispersions are shown in Figure 10. The
x-axis is look-back time; the upper x-axis gives the correspond-
ing redshifts assuming 2,, = 0.3,y = 0.7,and Hy = 75kms~!
Mpc ! (Spergel et al. 2003). The top and bottom panels show the
results for dense and loose environments, respectively.

It should be kept in mind that Figure 10 is based on average
ages and «/Fe ratios at a given mass. As discussed in § 4, the data
require a scatter in o/ Fe ratio of the order of 0.05-0.07 dex (see
Fig. 7), which translates into a spread in star formation timescale
of about a factor of 2. The observed spread in average age is
consistent with a scatter of about 20%—25% (see Fig. 7). For
a cluster early-type galaxy with stellar mass M, ~ 5x 10! M,
(0 = 280 km s~ '), for instance, this implies a spread about the
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typical formation redshift at z ~ 3 between z ~ 2 and 5. The
blurring caused by these effects should be kept in mind for the
interpretation of the diagrams in Figure 10, which are meant to be
schematic illustrations of the mean formation epochs.

6.3. Dependence on Galaxy Mass

The plots summarize what has already been discussed in the
previous sections. The more massive the galaxy is, the faster and
earlier form its stellar populations. Indeed, Pipino & Matteucci
(2004) show that the observed relation between «/Fe and o can
be best reproduced by a model in which gas accretion and star
formation timescales decrease with increasing galaxy mass.
Only low-mass galaxies exhibit significant star formation at red-
shifts below z < 1, as also concluded by Brinchmann & Ellis
(2000) and more recently by De Lucia et al. (2004) and Jimenez
et al. (2005) based on Sloan Digital Sky Survey data. These re-
sults are also in very good agreement with the star formation
histories found by Gavazzi et al. (2002) based on spectrophoto-
metric data. Interestingly, the link between star formation his-
tories and galaxy mass shown in Figure 10 agrees well with the
predictions from N-body—tree—smoothed particle hydrodynam-
ics simulations by Chiosi & Carraro (2002), which are based on a
monolithic collapse inside a dark matter halo rather than hier-
archical structure formation.

Note that we have assumed continuous star formation in
order to keep the number of free parameters low. The principal
aim of this exercise is to illustrate the typical timescale of the
star formation histories in galaxies as a function of their masses.
In reality, star formation in individual objects will be less smooth
and will be shaped by several bursty star formation episodes (see
Chiosi & Carraro 2002). The functions of Figure 10 thus have to
be understood as integrals at a given velocity dispersion over
bursty star formation histories. In particular, the extended star
formation histories of the low-mass objects might rather be un-
derstood in terms of episodically returning star-forming bursts,
similar to what is found in dwarf galaxies of the Local Group
(Mateo 1998).

In massive systems, the burst might well be triggered by
merger events. Indeed, a considerable fraction of massive el-
liptical galaxies have kinematically decoupled cores (Bender
1988; Franx & Illingworth 1988), the presence of which requires
the merger to be accompanied by dissipational processes and star
formation. Interestingly, for a number of elliptical galaxies with
kinematically decoupled cores, it has been found that their stellar
populations are homogeneously old and a/Fe enhanced (Surma
& Bender 1995; Mehlert et al. 1998; Davies et al. 2001), indi-
cating that the merger happened at early times, in agreement
with the formation histories of Figure 10 (a counterexample is
NGC 2865; Hau et al. 1999).

6.4. Influence of the Environment

The second main result is that galaxy formation appears
delayed by ~2 Gyr in low-density environments, confirming
previous findings (Trager et al. 2000b; Poggianti et al. 2001b;
Kuntschner et al. 2002; Terlevich & Forbes 2002; Caldwell et al.
2003; Proctor et al. 2004b). This is in agreement with studies
of the field galaxy population at intermediate redshifts around
z ~ 1 (van Dokkum et al. 2001; Treu et al. 2002; Gebhardt et al.
2003). While the formation of massive early-type galaxies in
clusters sets in at redshifts around z ~ 5 and is completed (in
terms of their stellar populations) at about z ~ 2, a considerable
fraction of massive galaxy formation in low-density environ-
ments occurs at lower redshifts between z ~ 1 and 2. We recall
here that the a/Fe—o relation does not depend on environmental
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density. The timescale of star formation in an object is de-
termined by its (final) mass rather than the environment. As a
consequence, massive early-type galaxies in low-density envi-
ronments form later but on timescales similar to those of their
counterparts in high environmental densities, as illustrated in
Figure 10.

7. DISCUSSION
7.1. The Local Abundance Pattern at High Metallicities

In a recent study, Proctor et al. (2004b) argue that the corre-
lation of «/Fe with velocity dispersion is an ‘“artefact of in-
complete calibration (of the models) to the Lick system.” The
basis for their conclusion is the recent finding of Bensby et al.
(2004) that the Milky Way disk stars with supersolar metallicities
do not have solar but subsolar O/Fe ratios, O/Fe decreasing with
increasing Fe/H (see also Pompéia et al. 2003; Allende Prieto
et al. 2004). Stellar population models, being calibrated with
these stars, are then likely to reflect subsolar O/Fe ratios at high
metallicities. If the element oxygen is taken as representative for
all -elements, this would obviously lead to an overestimation
of the O/Fe ratio (or a/Fe ratio) in stellar populations with su-
persolar metallicities such as early-type galaxies. Proctor et al.
(2004b) show that the correction for this effect makes the a./Fe—o
relation disappear.

However, there is a further very important (and somewhat
puzzling) point made by Bensby et al. (2004). All the other
a-elements, Mg, Si, Al, Na, Ca, and Ti, do not show this pattern,
but level off at a solar X/Fe ratio in stars with supersolar met-
allicities (Fuhrmann 1998; Bensby et al. 2003). Only the element
oxygen (and maybe also carbon; Thorén et al. 2004) deviates
from this homogeneous behavior. This differential pattern be-
tween oxygen and the other «-elements cannot be neglected in
models taking the local abundance pattern at high metallicities
into account. This is particularly important in the context of
this work, as the «/Fe ratios presented here are derived from
the absorption-line indices Mg b and (Fe), which are sensitive
mostly to the elements Fe and Mg but not O (Tripicco & Bell
1995; Korn et al. 2004).

We investigated this issue by constructing two additional
flavors of stellar population models that account for this local
abundance pattern at high metallicities. The first model takes
oxygen as representative of all a-elements (as in Proctor et al.
2004b); in the second model oxygen is detached from the rest of
the a-elements as discussed above. The resulting models in the
index-index planes and the stellar population parameters derived
with these models are shown in Figures 11 and 12 (equivalent
to Fig. 2) and Figures 13 and 14 (equivalent to Fig. 6). The results
are discussed in detail in the Appendix.

To summarize, we reproduce the result of Proctor et al.
(2004b) with the model in which oxygen and « -elements are not
separated. The a/Fe—o relation disappears, the Z/H—o relation
becomes tighter, while the ages remain unchanged. When oxy-
gen is detached from the other c-elements as suggested by ob-
servations, the picture is entirely different, as explained in detail
in Appendix B. The correction for the local abundance pattern
has no significant impact on the model when the nonsolar O/Mg
ratios of metal-rich stars in the solar neighborhood are taken into
account. The model basically moves back to its original position.
As a consequence, the stellar population parameters derived with
this model are in excellent agreement with the ones presented in
this work (see Fig. 14).

To conclude, the results of this paper are robust against the
correction for the local abundance pattern at high metallicities.
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Fic. 11.—Same as Fig. 2, but the models are corrected for the decrease of O/Fe with increasing metallicity at supersolar metallicity in the solar neighborhood

assuming oxygen and the other ar-elements being lumped together.

In particular, the a/Fe—o relation found here is real and is not
caused by calibration artifacts. What remains to be understood
is the discrepancy between oxygen and the other c-elements in
the metal-rich stars of the solar neighborhood.

As discussed in Bensby et al. (2004), a possible explanation
is that Type Ia supernovae do produce a significant amount of
magnesium, which keeps the Mg/Fe ratio solar, while O/Fe
decreases with increasing metallicity. This would also fit the
slightly higher O/Fe than Mg/Fe ratios in metal-poor stars of
the Milky Way (Bensby et al. 2004). In this case, the standard
model for Type Ia nucleosynthesis (the so-called W7 model;
Nomoto et al. 1984) needs to be revised. This leads to specu-
lation that the importance of Type la enrichment may increase
steadily with atomic number of the element up to Fe and Ni. If
this is the case, the higher the atomic number of the element, the
flatter should be the X/Fe—Fe/H relation in the Milky Way. In
particular, elements with high atomic number should have
lower X/Fe ratios in the metal-poor halo stars, which has not
been confirmed in the review of McWilliam (1997). Maybe
new data sets will revolutionize this statement. If true, the low
Ca/Mg ratios of early-type galaxies (e.g., Thomas et al. 2003b)
would naturally be explained in terms of delayed Type la
supernova enrichment (Pipino & Matteucci 2004).

The relevant inference for this paper would be that the for-
mation timescales discussed in § 6 (eq. [4]) are underestimated.
A detailed investigation and quantification of this effect goes far
beyond the scope of this paper and, in particular, cannot be per-
formed in a straightforward way because the appropriate Type Ia
nucleosynthesis calculations are not available. Note, however,
that the high «/Fe ratios derived here for massive galaxies, sug-
gesting short star formation timescales, are coupled with high
average ages, which further reinforces this interpretation. The
results of this work suggest star formation timescales as short as
only a few times 10% yr in the most massive early-type galaxies
with M, ~ 10'2 M_. It would certainly be desirable if such ex-
treme timescales were slightly relaxed by an additional contri-
bution from Type Ia supernovae to the enrichment of the heavier
a-elements. It should be emphasized that a fundamental con-
clusion of this paper is that low-mass galaxies have more ex-
tended formation timescales. This purely differential result is not
affected if Type Ia supernovae represent an additional source of
a-elements.

7.2. Comparison with Early Results

The findings discussed in this paper are supported by a num-
ber of pieces of evidence from the tightness and the redshift
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assuming oxygen and the other a-elements being separated.

evolution of the scaling relations of early-type galaxies (e.g.,
Bower et al. 1992; Aragon-Salamanca et al. 1993; Bender et al.
1993; 1996; Renzini & Ciotti 1993; Kodama et al. 1999; Ziegler
et al. 1999, 2001; Saglia et al. 2000; see review by Peebles
2002). It has been known since these early (and some more
recent) works that the formation ages of the stellar populations
in elliptical galaxies have to be above redshifts z= 2. New in
this paper is the detailed disentanglement of star formation
histories as a function of galaxy mass and the distinction be-
tween dense and loose environments.

We confirm such high formation redshifts for intermediate-
mass and massive (M, = 10'° M, or o 2 140 km s~!) early-type
galaxies in dense environments, in good agreement as well with
the recently discovered relationship between globular cluster
color and galaxy luminosity (Strader et al. 2004) and the K-z
relation of powerful radio galaxies (Rocca-Volmerange et al.
2004). We find, however, that elliptical galaxies in looser envi-
ronments form at somewhat lower redshifts betweenz ~ 2 and 1.
Low-mass galaxies (M, <2x10'" M, or 0 <140 km s !) in
low-density regions apparently suffer from significant star for-
mation episodes below redshiftz ~ 1. This paper further adds the
conclusion that the stellar populations of more massive early-

type galaxies form earlier and faster. This result confirms early,
more qualitative estimates by Bender et al. (1996) based on the
redshift evolution of the Mg-o relation, who had already noted
that the formation redshifts of the most massive early-type gal-
axies in clusters may even be above z Z 4. Here we find that while
the formation epoch is delayed in low-density environments by
about 2 Gyr, the timescale is independent of the environmental
density and depends only on the galaxy’s mass concentration.

7.3. The Stellar Mass Density at z > 1

The above evidence provides consistent constraints on the
epochs when the stellar populations of early-type galaxies have
formed. Our results imply that at redshift around z ~ 1, the
formation of the total stellar mass in early-type galaxies with
M, =2 x10'° Mg or o= 140 km s~ ! in both high-and low-
density environments is almost completed. Stellar mass growth
in early-type galaxies below redshift z ~ 1 is restricted to low-
mass objects in low-density environments. As the latter make up
only a small fraction of the total mass of a galaxy population,
despite their being numerous, we can infer that stellar mass

growth in early-type galaxies is largely completed around red-
shift z ~ 1.
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eq. (1) (solid lines), which reproduce the data in Fig. 6.

This galaxy type is expected to host between % and % of the
total stellar mass in the universe (Renzini 1999; Bell et al.
2003). Because massive disks are also already present at red-
shifts between 1 and 2 (Ravindranath et al. 2004; Stockton et al.
2004), this implies that at least 50% of the total stellar mass
density must have already been formed by z ~ 1. Our results
further suggest that a significant increase of the stellar mass
density between redshifts 1 and 2 should be present, caused
mainly by the field galaxy population, while at redshifts around
3 the stellar mass density should be dominated by galaxies in
high-density environments. Depending on the exact partition
between objects in high and low environmental densities, this
implies the stellar mass density around redshift 3 to be as low as
10%—-30% of the local value. Observational estimates of the
total stellar mass density as a function of redshift are in overall
good agreement with this result. Recent studies are consistent
with only mild evolution of the order of 20%—-30% up to z ~ 1
followed by a significant drop in stellar mass density between
redshifts 1 and 2 (Brinchmann & Ellis 2000; Cohen 2002; Bell
et al. 2003; Dickinson et al. 2003; Fontana et al. 2003, 2004;
Rudnick et al. 2003; Glazebrook et al. 2004). Our result sug-
gests that the significant mass growth in the early-type galaxy
population below z ~ 1 observed by Bell et al. (2004) is most
likely caused by less massive objects.

7.4. Climbing up the Redshift Ladder

One fundamental consequence from the results of this paper
is the prediction that very massive objects (M, = 10'! M) with
very high star formation rates up to several 1000 M, yr~!

2.2 2.4 2.2 2.4
log ¢ (km/s) log o (km/s)

Fic. 14.—Same as Fig. 13, but ages and element abundances are derived with
the SSP model of Fig. 12.

should be present between redshifts 2 and 5. Such objects have
indeed been found recently. At least a portion of the SCUBA
sources at 2 < z < 3 turn out to be massive star-forming gal-
axies with extremely high star formation rates up to several
thousand M, yr_1 (Smail et al. 2002; Genzel et al. 2003; Tecza
et al. 2004). These objects are likely to be the precursors of the
most massive elliptical galaxies (M, ~ 10'> M) forming in a
violent star formation episode at high redshift. Lyman break
galaxies, instead, exhibit more moderate star formation rates of
the order of a few times 10 M, yr~! (Pettini et al. 2001; Baker
et al. 2004) and may therefore be the precursors of less massive
early-type galaxies in Figure 10 (M, ~ 10'" M) and/or spiral
bulges. Moreover, Pettini et al. (2002) find cB 58 (a lensed
galaxy at redshift z = 2.73; Seitz et al. 1998) to have a signifi-
cantly ac-enhanced interstellar medium, which is in good agree-
ment with the oo/Fe enhancement derived in this paper for the
stellar population of local elliptical galaxies.

A further direct inference from Figure 10 is that massive
old, passively evolved galaxies should exist at intermediate red-
shifts between 1 and 2. Again, these objects have been found.
Medium-deep infrared surveys detect a relatively large number
of so-called extremely red objects (EROs) between z ~ 1 and
1.5, whose SEDs best fit evolved stellar populations (Pozzetti
& Mannucci 2000; Daddi et al. 2000; Cimatti et al. 2003,
2004; Saracco et al. 2003, 2005; Viisidnen & Johansson 2004;
Moustakas et al. 2004; Caputi et al. 2004a). The evolved
K-selected EROs mentioned above show evidence for strong
clustering (Daddi et al. 2003) and hence are likely candidates for
being the precursors of the cluster objects shown in Figure 10 (top).
In a recent paper, Pierini et al. (2004) show that the colors of some
“evolved” EROs are also consistent with a dusty post-starburst
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population with ages around 0.5 Gyr, which fits the star for-
mation histories shown in Figure 10 for the low-density envi-
ronment. It would be interesting to investigate the clustering
properties of this subclass of EROs to verify that they preferably
are found in low-density environments. Also in agreement with
our result is the recent finding in K-selected galaxy surveys that
the most luminous objects are best fitted by older stellar pop-
ulations at all redshifts up to z ~ 1, which implies the typical
M /L ratio (in K) of more massive galaxies to be larger than that
of less massive ones (Fontana et al. 2004; Glazebrook et al.
2004).

Finally, deeper redshift surveys are now finding evolved ob-
jects even at redshifts around 2 and 3 (Franx et al. 2003; Chen &
Marzke 2004; McCarthy et al. 2004; Caputi et al. 2004b) and
massive star-forming objects around redshifts 2 and 5 (Totani
et al. 2001; Lehnert & Bremer 2003; de Mello et al. 2004) up to
z~ 6.5 (Kurk et al. 2004), again in good agreement with the
prediction from the properties of local galaxies made in this
paper. To conclude, it seems that the two approaches, archae-
ology of stellar populations in local galaxies and redshift sur-
veys, are converging to a consistent picture in which massive
galaxy formation occurs at fairly high redshifts accompanied by
violent star formation.

7.5. Models of Galaxy Formation

This consistent picture of high formation redshifts of the
stellar populations in massive (early-type) galaxies severely
challenges the conventional semianalytic models of galaxy for-
mation (Kauffmann et al. 1993; Somerville & Primack 1999;
Cole et al. 2000; Hatton et al. 2003; Menci et al. 2004), and
their modification has become unavoidable. As reviewed by
Somerville (2005), recent renditions of both semianalytic mod-
els and hydrodynamical simulations of hierarchical galaxy for-
mation (Nagamine et al. 2004) are consistent with the stellar
mass function around z = 1 and with the cosmic star formation
history (see also Fontana et al. 2004); hence, global quantities
are well reproduced. However, the models have difficulty pro-
ducing the high average ages of massive galaxies in the local
universe and, accordingly, the number density of luminous red
galaxies at intermediate redshift, as well as the high star for-
mation rates in massive objects at high redshifts (Somerville
2005; Somerville et al. 2004).

At least part of the reason for this shortfall may be connected
to the way nonbaryonic dark matter and baryonic matter are
linked. In current models, star formation is tightly linked to
the assembly history of dark matter halos, so that galaxies with
longer assembly times also form stars on longer timescales. A
possible solution to reconcile extended assembly times with fast
star formation histories is a scenario in which massive objects
form their stars early and assemble later (Bower et al. 1998; van
Dokkum et al. 1999). This picture gets some theoretical support
from the fact that the kinematics of massive early-type galaxies
requires the origin of mergers between bulge-dominated rather
than disk galaxies (Naab & Burkert 2003; Khochfar & Burkert
2003). However, in this case, it would be difficult for early-type
galaxies to establish the correlation between metallicity and mass
reported here. More fundamental modifications of the models are
certainly necessary.

Granato et al. (2001) have presented a promising—even
though quite heuristic—approach, in which star formation is
enhanced in massive systems because of feedback between star
formation and active galactic nucleus (AGN) activity (see also
Cattaneo & Bernardi 2003; Kawata & Gibson 2004). This idea is
now put on physical grounds in Granato et al. (2004), where the
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evolution of gas in a dark matter halo is described as a function of
gravity, radiative cooling, heating by feedback from supernovae,
and—most importantly—heating by feedback from the growing
active nucleus. The assumption of a tight interplay between star
formation and nuclear activity indeed gets strong observational
support from the fact that besides the «/Fe ratio, black hole
mass also correlates with velocity dispersion and galaxy mass
(Gebhardt et al. 2000; Ferrarese & Merritt 2000). The resulting
“antihierarchical baryonic collapse” in the Granato et al. (2004)
model leads to higher formation redshifts and shorter forma-
tion timescales of the stellar populations in massive halos. In this
way the relationship between the «/Fe ratio and galaxy mass
(Romano et al. 2002), as well as the presence of old galaxies at
z~ 1 (EROs) and of violently star forming objects at z ~ 3
(SCUBA sources), is reproduced.

Granato et al. (2004) consider the evolution of massive halos
in the framework of semianalytic models only above redshifts
z 2 1. Hence, a fundamental problem that remains to be solved is
the accretion of cold gas onto the central galaxy of a dark matter
halo at lower redshift leading to late star formation and the gal-
axy’s rejuvenation. An important step to a solution of this lat-
ter problem might have been recently made by Binney (2004),
who suggests a scenario in which gas cooling is the key process.
Unlike small systems with shallow potential wells, massive gal-
axies cannot eject but retain their hot gas, the cooling of which is
inhibited by an episodically active galactic nucleus. This “atmo-
sphere” of hot gas builds up a shield around the galaxy, pre-
venting cool gas from falling in and forming stars. The inclusion
of this effect in semianalytic models of hierarchical galaxy for-
mation would certainly be the right step toward reconciling our
current understanding of galaxy formation with the observa-
tional constraints set by the stellar population properties of mas-
sive galaxies.

8. CONCLUSIONS

We study the stellar population properties of 124 early-type
galaxies (Gonzalez 1993; Beuing et al. 2002; Mehlert et al.
2003) with velocity dispersions between 50 and 350 km s~ in
both high- and low-density environments. From the absorption-
line indices HG, Mg b, and (Fe) we derive ages, metallicities
Z/H, and o/ Fe element ratios using our abundance ratio—sensitive
stellar population models (TMB). The o/ Fe ratio is the key to de-
termining the formation timescales of the objects, as it quantifies
the relative importance of the chemical enrichment from Type II
and delayed Type la supernovae. Together with average ages, we
use this information to set constraints on the epochs when early-
type galaxies form the bulk of their stars. To get a handle on the
effect of correlated errors, we compare the observed sample with
mock galaxy samples with properties as close as possible to the
observational data in terms of sample size, velocity dispersion
distribution, and measurement errors.

For the bulk of the sample we find that all three stellar pop-
ulation parameters, age, total metallicity, and «/Fe ratio, cor-
relate with velocity dispersion and hence galaxy mass. We show
that these results are robust against recent revisions of the local
abundance pattern at high metallicities. To recover the observed
scatter, we need to assume an intrinsic scatter of about 20% in
age, 0.08 dex in [Z/H], and 0.05 dex in [«/Fe]. Both zero point
and slope of the a/Fe-o relation are independent of the envi-
ronmental density, while the ages of objects in low-density envi-
ronments appear systematically lower accompanied by slightly
higher metallicities.

We identify three classes of “outliers” from these relationships:
(1) The low-mass objects with M, < 10'° M, (0 < 130 kms™")
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in our sample show clear evidence for the presence of intermediate-
age populations. Their line indices are best reproduced by a two-
component model in which a 1.5-2 Gyr population with low
«/Fe ratios is added to a base population defined by the above
relationships. (2) About 20% of the intermediate-mass objects
with 10'° < M, /M, < 10" [110 < o/(km s~') < 230] must have
either a young subpopulation or a blue horizontal branch. Com-
pared to the low-mass objects, the case for the intermediate-age
population is less convincing because of relatively high o/Fe ra-
tios. (3) Most intriguing is a population of massive (M, = 10" M,
or 02200 km s~!) SO galaxies, only present in the high-density
sample, that require a major fraction of their stars (~70%) to have
formed relatively recently at look-back times of about 2—3 Gyr,
corresponding to z ~ (.2. Note that these objects, although inter-
esting in themselves, represent only a minor fraction of the total
stellar mass budget in early-type galaxies.

The increase of total metallicity, indicating the completeness
of chemical processing, mainly reflects the inability of massive
galaxies with deeper potential wells to develop galactic winds.
The increase of age and «/Fe ratio with o shows that more mas-
sive galaxies form their stellar populations both earlier and
faster. Our results suggest that the well-known Mg-o relation is
mainly driven by metallicity (~60% contribution) with an al-
most equal share from «/Fe ratio (~23%) and age (~17%). The
increase of a/Fe with velocity dispersion is responsible for the
much weaker correlation of (Fe) with galaxy mass.

With a simple chemical evolution model that takes the delayed
enrichment from Type la supernovae into account, we translate
the ages and «/Fe ratios of the above relationships into star for-
mation histories as a function of a galaxy’s velocity dispersions
and environmental densities. We show that the higher ages and
«/Fe ratios of more massive early-type galaxies imply faster
formation timescales at earlier epochs. The lower the mass of a
galaxy is, the more it suffers from episodes of late star forma-
tion extending to redshifts below z ~ 1 for galaxies with M, <
10'° M. Massive early-type galaxies (M, = 10'! M) in high-
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density environments form their stellar populations between
redshifts 2 and 5. Galaxies in low-density environments appear
on average 1-2 Gyr younger than their counterparts in high en-
vironmental densities but obey the same relationship between
a/Fe ratio and velocity dispersion. This implies that they form
on the same timescales, but the epochs of their formation are
delayed to lower redshifts between z ~ 1 and 2.

The “archaeology approach” pursued in this paper and ob-
servations of the high-redshift universe are now converging to a
consistent picture. The results of this work imply that at least
50% of the total stellar mass density must have already been
formed by z ~ 1, which is in good agreement with observational
estimates of the total stellar mass density as a function of red-
shift. We conclude that significant mass growth in the early-type
galaxy population below z ~ 1 must be restricted to less massive
objects, and a significant increase of the stellar mass density be-
tween redshifts 1 and 2 should be present, caused mainly by the
field galaxy population. As shown here, the properties of local
galaxies predict the presence of massive objects with very high
star formation rates of the order of 1000 M, yr~! around red-
shifts 25, as well as the existence of old evolved galaxies at
redshifts between 1 and 2, both now confirmed observationally.

Current models of hierarchical galaxy formation are consis-
tent with global properties such as the stellar mass function but
remain challenged by the ages of local massive galaxies, the
number densities of luminous red objects at intermediate red-
shift, and the high star formation rates in massive objects at high
redshifts. The problem seems tightly linked to the (uncertain)
treatment of baryonic matter in dark halos, and likely solutions lie
in the inclusion of AGN feedback and refinement of gas heating/
cooling processes.

We thank the referee, Robert Proctor, for his careful reading
of the manuscript and for his very constructive report.

APPENDIX A
DATA SAMPLE

In Table 2 we list velocity dispersions, line indices H33, Mg b, and (Fe), galaxy types, environmental densities, literature sources,
and classifications of Figure 4 for the sample investigated. Table 3 gives the stellar population parameters age, metallicity, and a/Fe
ratio derived with the TMB models. The 1 o errors are estimated through Monte Carlo simulations. We perturb the line indices
assuming a Gaussian probability distribution defined by the 1 o measurement errors quoted above. The resulting 1 o errors correspond
to the widths of the distributions in the stellar population parameters from 100 Monte Carlo realizations per object.

APPENDIX B
THE LOCAL ABUNDANCE PATTERN AT HIGH METALLICITIES

Asmentioned in § 7.1, Proctor et al. (2004b) argue that the correlation of o/ Fe with velocity dispersion is an “artefact of incomplete
calibration (of the models) to the Lick system.” This argument is based on the recent finding of Bensby et al. (2004) that the Milky
Way disk stars with supersolar metallicities do not have solar but subsolar O/Fe ratios, with O/Fe decreasing with increasing Fe/ H
(see also Pompéia et al. 2003; Allende Prieto et al. 2004).

We investigated this issue constructing two additional flavors of stellar population models that account for the local abundance
pattern at high metallicity: one in which oxygen is taken as representative of all a-elements assuming these elements to be enriched
in lockstep (as in Proctor et al. 2004b) and one in which oxygen is detached from the rest of the a-elements as discussed above.
The decrease of O/Fe with metallicity is adopted directly from Bensby et al. (2004) and can be parameterized as (Proctor et al.
2004b)

[O/Fe] = —0.5[Fe/H] for [Fe/H] > 0. (B1)
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B1. OXYGEN AND «-ELEMENTS IN LOCKSTEP

The resulting model in the index-index planes, assuming oxygen as a representative for all a-elements, is shown in Figure 11
(equivalent to Fig. 2). The effect is striking. Since oxygen dominates metallicity, the correction for the subsolar O/ Fe of the calibrating
stars at high metallicities has the effect that the models are practically “labeled”” with lower metallicities. As a consequence, stronger
metal indices at a given metallicity are predicted, which leads to the derivation of somewhat lower (but still supersolar) metallicities
(Fig. 11, top). The derived ages, instead, remain unchanged. Even more dramatic is the modification of the model in the Mg b—(Fe)
plane (Fig. 11, bottom). At supersolar metallicity, the O/Fe (hence a/Fe in this case) of the original model based on the local
abundance pattern has to be increased in order to obtain solar-scaled abundance ratios. This is achieved mainly by decreasing the
abundance of iron, so that the iron indices get weaker and the Mg b index get stronger (because of the inverse response to Fe abun-
dance; see TMB for details). The model slope in this diagram is now close to the slope of the data, which clearly affects the derived
a/Fe—o relation.

For a better illustration, the stellar population parameters of the galaxy sample investigated here obtained with this model are
plotted in Figure 13 (the equivalent to Fig. 6). The relationships of equation (1) plus the Monte Carlo realizations of Figure 6 are also
shown for comparison. The o/ Fe ratios are lower by about 0.1 dex, and in particular the o/ Fe—o relation disappears. Metallicities are
also lower by about 0.1 dex, and the Z/H-o relationship gets significantly tighter. These findings are in agreement with the
conclusions of Proctor et al. (2004b). Note that the ages do not change.

B2. OXYGEN AND «a-ELEMENTS SEPARATED

In this second flavor of the model we account for the fact that the other a-elements (in particular magnesium) actually do not fol-
low the decrease of the local O/Fe ratio with increasing metallicity at supersolar metallicities (Bensby et al. 2004); hence,
[Ne, Mg, Si, S, Ar, Ca, Ti/Fe] = 0 for [Fe/H] > 0. The impact on the index-index diagrams is shown in Figure 12. The model is
almost indistinguishable from the original model used for the analysis of this paper (Fig. 2) and very different from the model in which
oxygen and the other a.-elements are lumped together (Fig. 11). The reason is the following. Oxygen contributes almost one-half and
the rest of the ar-elements about one-quarter to total metallicity. A variation of the a/Fe ratio including oxygen is therefore obtained
mainly by a modification of Fe abundance (Trager et al. 2000a; TMB).

The correction from the local subsolar O/Fe to solar element ratios is therefore achieved by a decrease of Fe abundance by 40%.
When oxygen is detached from the other cc-elements, instead, the picture is very different. The required decrease of Fe abundance is
only 20%, which reduces both the decrease of the Fe indices and the increase of Mg b (note that Mg b responds inversely to Fe
abundance). On top of this, the abundances of the other a-elements (including magnesium) need to be reduced by the same amount to
maintain the solar a/Fe ratio. This leads to a further decrease of Mg b and an increase of the Fe indices, the latter being inversely
coupled with Mg abundance (Tripicco & Bell 1995; Korn et al. 2004). The effect is sufficient to bring the model back to its original
position. As a consequence, the stellar population parameters derived with this model are in excellent agreement with the ones
presented in this work, as shown in Figure 14.

To conclude, when the nonsolar O/ Mg ratios of metal-rich stars in the solar neighborhood are taken into account, the correction for
the local abundance pattern has no significant impact on the model. This implies that the results of this paper are robust against this
problem. In particular, the av/Fe—o relation found here is real and not caused by calibration artifacts.
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