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ABSTRACT

The environment is known to affect the formation and evolutof galaxies considerably
best visible through the well-known morphology-densitatienship. It is less clear, though,
whether the environment is equally important at a givenygataorphology. In this paper we
study the effect of environment on the evolution of earlgeygalaxies as imprinted in the
fossil record by analysing the stellar population progsrof 3,360 galaxies morphologically
selected by visual inspection from the Sloan Digital Skyv@yrin a narrow redshift range
(0.05 < z < 0.06). The morphological selection algorithm is critical as ded not bias
against recent star formation. We find that the distributbages is bimodal with a strong
peak at old ages and a secondary peak at young ages aro@l Gyr containing about
10 per cent of the objects. This is analogue to 'red sequesrtg’’blue cloud’ identified
in galaxy populations usually containing both early ané Igfpe galaxies. The fraction of
the young, rejuvenated galaxies increases with both dsiagegalaxy mass and decreasing
environmental density up to about 45 per cent, which imghes the impact of environment
increases with decreasing galaxy mass. The rejuvenatedigahave lowes/Fe ratios than
the average and most of them show signs of ongoing star farm#irough their emission
line spectra. All objects that host AGN in their centres withstar formation are part of the
red sequence population. We confirm and statistically gtrezn earlier results that luminosity
weighted ages, metallicities, andFe element ratios of the red sequence population correlate
well with velocity dispersion and galaxy mass. Most intéregy, however, these scaling
relations are not sensitive to environmental densitiesaaaanly driven by galaxy mass. We
infer that early-type galaxy formation has undergone a @liemsition a few billion years
ago around ~ 0.2. A self-regulated formation phase without environmenggehdence has
recently been superseded by a rejuvenation phase, in wieabrivironment plays a decisive
role possibly through galaxy mergers and interactions.

Key words: galaxies: elliptical and lenticular, cD, galaxies: ev@uat (classification, colours,
luminosities, masses, radii, etc.), galaxies: abundagedsxies: active, surveys

1 INTRODUCTION verse |(Dressler et al. 1997; Fasano et al. 2000; Treu et &3;20
Smith et al.| 2005] van der Wel et al. 2007; Pannella et al. 12009

The environment is known to be a major driver in the for- [Tasca et dl. 2009). While the exact mechanisms responsibliis

mation and evolution of galaxies. Its influence is best Vsib
through the well-known morphology-density relationstapgord-
ing to which early-type galaxies and morphologically undis
turbed galaxies are preferentially found in high densityirem-

ments and vice versa (Oenler 1974; Melnick & Sargent 1977;

Dressler 1980; Postman & Geller 1984). The existence ofehis
vironmental footprint is well established, and has beereaép
edly confirmed both in the local (Tran et al. 2001; Goto et al.

2003; Helsdon & Ponmén 2003; Kuehn & Ryden 2005; Parklet al.

2007; Sorrentino et al. 2006; Holden etlal. 2007; van der \Wal e
2007; |Bamford etal.| 2009) and intermediate redshift uni-

effect are still debated (e.g. Kodama & Smiail 2001; Balogalet
2002;| Treu et al. 2003), its mere existence is in good agreeme
with the idea of hierarchical structure formation basedad dark
matter cosmology (Blumenthal et/al. 1984; Davis et al. 1985)

In contrast, it is less clear whether the environment is
equally important at a given galaxy morphology. There il sti
major controversy about whether the formation and evatutio
of the most massive and morphologically most regular gekaxi
in the universe, i.e. early-type galaxies, are affected by e
vironmental densities. In_Thomas et al. (2005, hereafteb) TO
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studying the local early-type galaxy population (what wél ca
the ’astro-archaeology approach’) we find significant evolu
tion as a function of environment in agreement with a large
number of investigations in the literature (Trager et alO@g
Longhetti et al.| 2000; Poggianti et al. 2001a; Kuntschneilet
2002; Terlevich & Forbés 2002; Proctor eflal. 2004; Demicetl al.
2005; |Mendes de Oliveira etlal._20085; Collobert et al. _2006;
Schawinski et al. 2007a; Sanchez-Blazquez et al. 2006;
Rakos et al. 2007; Annibali et/al. 2007; de la Rosa Et al. |20@7)
summary, early-type galaxies in lower densities appeangeuby

1 — 2 Gyr at given galaxy mass.

These differences should become even more pronounced

when probing earlier epochs. As discussed in the review by
Renzini (2006), however, studies of the intermediate nédsh
early-type galaxy population do not confirm this picture.eTh
same colour evolution for both field and cluster galaxieoisfl

in recent redshift surveys (Wolf etlal. 2003; Bell et al. 2004
Koo et al. | 2005;| Tanaka etlal. 2005; Bundy €tlal. 2006). This
negligible influence from the environment is further supedr
by investigations of the fundamental plane of ellipticadsar
formation rates, luminosity function etc. back to redshiftv 1,

that again find similar evolution in clusters and in the field
(Treu et al.| 2001; van Dokkum & Ellis 2003; van der Wel €t al.
2005; |di Serego Alighieri etal.. 2005/ Jgrgensen etial. |2006;
van Dokkum & van der Marel | 2006; | _di Serego Alighieri et al.
2006; | Feulner et al. 2006; Strazzullo et al. 2006; Pannebh e
2009). Finally, Wake et all (2005) study clusterszat- 0.3 with

a large range of X-ray properties and also find a relativelplsm
influence of the environment on the colour-magnitude refati

With this paper we utilise the SDSS database to check the
result found in TO5 via an increase of the sample size by more
than an order of magnitude. The Sloan Digital Sky Survey (SDS
York et all2000) provides the opportunity to explore hugmbge-
neous samples of early-type galaxies in the nearby univecse-
prising several ten thousands of objects, so that a statiistimean-
ingful investigation of the stellar population parametefrgalaxies
and their dependence on environment can be attempted. lysana
the stellar population parameters luminosity-weighted, agetal-
licity, and a/Fe element ratio of 3,360 early-type galaxies drawn
from the SDSS in a narrow redshift range06 < z < 0.06).

A major strength of our approach is the application of stmictr-
phological selection criteria based on visual inspectibd&023
galaxies. We confirm the basic result of TO5 as far as 'archaeo
logical downsizing’ and the major formation epochs of edylye
galaxies are concerned. However, different from T05, tttedéurn

out to be insensitive to changes of the environment for thie diu
the early-type galaxy population.

The paper is organised as follows. In Section 2 we describe in
brief the construction of the galaxy catalogue, and the otetb
derive stellar population parameters. The results orastptipula-
tion scaling relations are presented in Section 3, galakydtion
epochs are discussed in Section 4. The paper concludes iwith d
cussion of the results and literature comparison in Sestmnd 6.

2 DATA SAMPLE AND ANALYSIS

The sample utilised here is part of a project called MOSES:
MO rphologicallySelectecEarly-types inSDSS. We have collected

a magnitude limited sample of 48,023 galaxies in the retishiige
0.05 < z < 0.1 with apparent-band magnitude brighter than 16.8
from the SDSS Data Release|4 (Adelman-McCarthy et al.|2006).

Model magnitudes are used throughout this work. The mostahd
difference with respect to other galaxy samples constdufsttam
SDSS is our choice of purely morphological selection of gala
type. All galaxies in this sample have been visually inspécind
classified by eye into early- and late-type morphology. Weeta-
ready used this approach lin_Schawinski etlal. (2007b), aneg mo
details on the morphological selection and other sampleacha
teristics can be found there. In the following, we provideref
summary with focus on the aspects that are most relevanhéor t
present work.

2.1 Morphological selection

We visually inspected the 48,023 objects and divided the sam-
ple in 31,521 late-type (spiral arms, clear disc-like dinees) and
16,502 early-type (roundish, elliptically shaped) gadaxiHence,
34 per cent of the objects are classified as 'early-type’s Thin
good agreement with the typical value found in average envir
ments (see references in the Introduction). For the presterly
we aim to minimise contamination by late-type galaxies deewur
relatively strict selection criteria yield a conservatigarly-type
galaxy fraction that is slightly smaller than the recentedeina-
tion based on SDSS by van der Wel et al.40 per cent, 2007) but
in good agreement with other determinations in the litemaf{see
Bamford et al. 2009, and references therein).

Elliptically shaped objects with irregular structurestqre
tially indicative of tidal tails originating from recent pey-galaxy
interaction/merger events, were included in the 'earfyetycate-
gory. The principal aim was to separate spiral and discg#laxies
from early-types. The major advantage of this strategy as tur
sample is not biased against star forming elliptical gasxiNo fur-
ther selection criteria based on stellar population prig®such as
colour, spectral shape, or concentration index have bepliedp
Indeed, this catalogue differs most from previous SDS®dbas
early-type galaxy catalogues (e.g., Bernardi et al. 2068)ugh
its inclusion of (typically low-mass) objects with unusyablue
colours. We have extended this approach recently through th
Galaxy Zoo project|(Lintott et al. 2008), which uses sevéeal
thousands of volunteers on the internet to classify gatatkieough
a web interface. Among other projects, these classificatimve
led to the construction of a large sample of blue early-tygaxges
(Schawinski et al 2009b; see also Kannappan et al 2009).

2.2 Environmental density

For the estimate of the environmental density we adopt thtbade
developed and described in full detail in Schawinski et12007a)
and_Yoon et &l (2008). In a nutshell, we calculate the locatiner
density of objects brighter than a certain absolute magdaiin a

6 Mpc sphere around the object of interest. A Gaussian weight
function centred on the object ensures to avoid contanaindtom
neighbouring structures, and an adjustment of the sidéhesfghe
'sphere’ in redshift direction is invoked in order to accotor the
'finger of God effect’. We have tested various sizes for thass&an
weight functions and found that the final results of this werni not
sensitive to the particular size of the sphere aroGndpc. Note
that the results using spheres of only a few Mpc size werdarois
because of the sparse sampling by SDSS fibers6T¥pc chosen
here can be considered conservative for the purposes ofdhisin
that this choice assures the definition of low environmedégisity
to indicate truly isolated regions.
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We obtain the 3-dimensional volume density at the location 2.4 Stellar population parameters

of each object, hence an estimate of kbeal environmental den-
sity. This process does not constrain the overall strudgtuvehich
the object resides, but is a sophisticated number densigiging
a measure of the number and proximity of galaxies around ra poi
in space. In other words, we cannot distinguish the outskifta
galaxy cluster from a group environment of the same locasitien
We decided not to include further constraints like crossetation
with cluster catalogues like in, e.q., Bernardi et lal. (200@cause
also this method suffers from incompleteness problemseNjen-
erally speaking, we did not attempt to correlate our denssty-
mates with physical structures, as we are not aiming forsiflaa-
tions such as "field’, group’, or ‘cluster’. In any case, asagissed in
Section 5, our results are overall consistent with other SBidies
in the literature as far as the general influence of the enmient is
concerned.

2.3 Kinematics and Lick line index measurements

The kinematics of gas and stars are determined for all 48023
jects, using the code GANDALF developed by Sarzi et al. (2006
Stellar population and emission line templates are fatediltane-

We use the stellar population models of Thomas et al. (2003} 2
hereafter TMB) to derive luminosity-weighted ages, métiiés,
and «/Fe ratios from the Lick absorption line indices by means
of the minimisedy? technique introduced by Proctor & Sansom
(2002). The main motivation for this choice is that thefitting is
very efficient and fast, and can easily be applied to large dets
like SDSS. A further advantage is that it considers a largeewa
length range of the spectrum and hence gives a better estwhat
the real average population. Finally, the consideraticalafger set
of absorption features increases the signal-to-noise. f&trors are
obtained from the probability function based on fffedistribution.

In practice, we search for the combination of those threarpaters
that minimise they? between model and observational data for all
25 indices observed. This is different from the approaclofcdd

in TO5, where only a selection of well calibrated indicesaasid-
ered to constrain the stellar population parameters dijreather
than in a statistical fashion. It has been shown, howevat tltese
two orthogonal methods yield consistent results (Thomasa&i&s
2006).

We follow an iterative approach. In the first step we fit all 25
indices. We compute the probability distribution for diffet val-

ouslyto the galaxy spectrum. The outcome are emission line fluxes ues of x* at its minimum using the incompleté function. This

and kinematics of the gas. On the stellar population sideghtein
line-of-sight velocity dispersions based on the pixelrfgtmethod
of|Cappellari & Emselleim (2004) with a typical error@p23 dex

yields the probabilityP that the observeg? for a correct model
should be less than the valyé obtained in the fit. IfP > 0.999
we deem the fit unacceptable. In this case we discard the index

in log o. The error distribution deviates from a Gaussian with a With the largesty® from the fitting procedure, re-do the fit, and

sharp cut-off at0.01 dex and a tail extending to larger errors of

re-calculateP. This procedure is iterated unti? < 0.999. The

~ 0.1 dex. Through the subtraction of the emission line spectrum indices Ca4455 and NaD were discarded in more than 10 per cent

from the observed one, we get the clean absorption line spect
free from emission line contamination. This spectrum isdufee
any further analysis of absorption features. The stellemptate
spectrum is not used for scientific analyses.

of the cases, and were hence generally excluded. Theirsanlu
is further supported by the fact that these indices are nbtoak
ibrated ((Maraston et al. 2008; Thomas et al. 2003). In moaa th
half of the cases (65 per cent), no further index was remdvexae

On each spectrum, we measure the 25 standard Lick ab- all 23 indices were Used). In 20, 8, and 4 per cent of the (It)ﬁe,ct

sorption line indices| (Worthey etlgl. 1994; Worthey & Ottavi
1997) following the most recent index definitions|of Trageale
(1998). For this purpose the spectral resolution is reduced
the wavelength-dependent Lick resolution (Worthey & Q#av
1997). The measurements are then corrected for velocipedis
sion broadening. The correction factor is evaluated ushiegbest
fitting stellar template and velocity dispersion obtainegvfpusly.
Errors are determined by Monte Carlo simulations on each-spe
trum individually based on the signal-to-noise ratios juled by
the SDSS.

2, and 3 indices were removed, respectively. In other wdod97
per cent of all objects, at least 20 indices were includedérfit.

The average errors in log(age), metallicity, ard/fe] ra-
tio are0.10 dex, 0.07 dex, and0.06 dex, respectively. The er-
ror distributions are well approximated by Gaussian fuortiwith
standard deviations of 0.04, 0.02, and3 dex, respectively. Fi-
nally it should be noted that size of the SDSS fibers used for th
spectroscopy is relatively large (3 arcsec). The stellgoutadion
properties discussed here therefore refer to the globldiuspep-

It should be noted that an important step in the measurement ulations in the galaxies roughly within or only slightly bel the

of Lick indices cannot be undertaken. Ideally, Lick standstars
need to be observed with the same instrument set-up, in trder
termine (and correct for) offsets caused by the shape ofbetsal
energy distribution. This is in principle necessary, asltiog&/IDS
system is not based on flux-calibrated spectra. Such catihra
stars at sufficiently high signal-to-noise are not avadahlSDSS.
However, it ought to be expected that the shape of the sprdsu
of little importance for absorption indices where line fgatand
pseudo-continuum windows are narrow and close enough ip-wav
length. This condition is actually fulfilled for most Lick dices
with the pseudo-continuum bands being placed directlycadja
to the line feature itself. A detailed analysis of Lick stardistars
extracted from the SDSS archive suggests that deviations tine
true Lick system are indeed negligible (Carson 2007).

half-light radius. As early-type galaxies are known to hanvetal-
licity gradients (e.g._Davies etial. 1993) the effect of theghen
using light-average quantities is that we slightly undeémeste the
true age of the stellar population, simply because the npetat
halo provides blue light which is interpreted as a slighthugger
population. We expect this effect to be small, though, bsedbe
amount of metal-poor stars in luminous red galaxies in SOSS i
of the order of only a few per cent by mass (Maraston gt al.[R009
Moreover, thex/Fe ratio is not affected by this as early-type galax-
ies exhibit no significant gradient im/Fe within the effective ra-
dius (Mehlert et al. 2003; Annibali etial. 2007; Rawle et &108).
Note also that no gradient in age is typically found in locally-
type galaxies (Saglia et'al. 2000; Tamura et al. 2000; Mebteal.
2003 Wu et al. 2005; Annibali et al. 2007; Rawle et al. 2008).
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Figure 1. Left-hand panelDistribution of velocity dispersion for different samplelactions in redshift. The grey shaded histogram is theeesimple of
16,502 early-type galaxies in the redshift rarig@5 < z < 0.1. Blue and red histograms show low and high redshift selesticespectivelyRight-hand
panel: Contours of light-averaged age as function of velocity éispn. Colours as in left-hand panel. The final sample is $hidy is selected from the

lowest redshift ranged(05 < z < 0.06, blue lines).

2.5 Final selection

We applied further selection criteria to the 16,502 eaylyetgalax-
ies in our catalogue. The redshift range sampedy < z < 0.1)

is small and corresponds to a time window of only600 Myr.
Still, this age difference produces significant selectifieats. The
left-hand panel of Figl shows the distribution of velooitis-
persions for low redshift)(05 < z < 0.06, blue line) and high
redshift 0.09 < z < 0.1, red line) selections in comparison
with the entire sample (grey shaded histogram). It can be see
that despite the small range in redshift, completenessigmabat
the lowo end get worse with the inclusion of higher redshift ob-
jects. This leads to a very bad sampling of the agelationship,
as shown by the right-hand panel of Fig. 1. On top of this selec
tion effect ino, small evolutionary effects complicate the deriva-
tion of stellar population parameters in spite of the sniadetwin-
dow sampled. (Bernardi etlal. 2006). We therefore took a cwase
tive approach and decided to consider only the lowest rédsihi
(0.05 < z < 0.06, blue lines in Fig[L) providing an acceptable
coverage in velocity dispersion down lieg o /km/s ~ 1.9. This
results in a total of 3,360 early-type galaxies. This refishnge
corresponds to a time interval of onlY0 Myr at an average look-
back time of700 Myr adoptingf2,, = 0.24, Qx» = 0.76, and
Hy = 73 km/s/Mpc (Tegmark et al. 2006; Percival etial. 2007) .

3 STELLAR POPULATION SCALING RELATIONS

The characteristic mass of a galaxy population increasts em-
vironmental density (e.g., Baldry et'al. 2006), indicatihgt lower
density environments host less massive galaxies. This biass
has to be eliminated for a meaningful study of the influencensf
vironment. We therefore investigate the environmentabddpnce
of the correlations of the stellar population propertiethwelocity
dispersiorr and dynamical galaxy mas$day. From these ’stellar
population scaling relations’ we derive formation hisésrfollow-
ing the method of TO5.

3.1 Previous work

While work on the classical scaling relations of early-tgadaxies
such as colour-magnitude relation, Fundamental Plane Mard

o relation has suggested relatively old ages and high foonati
redshifts already almost two decades ago (see review byifienz
2006, and references therein), the efforts of the last detaéind
correlations between galaxy mass and the three stellargtapu
parameters age, metallicity, and Fe ratio have succeeded only
recently. Mostly because of the well-known age-metajlidiegen-
eracy (e.g. Worthey 1904), the direct determination of hosity-
weighted ages turned out to be extremely difficult. When ages
of early-type galaxies were explicitly derived, no eviderfor

a correlation with mass, luminosity or velocity dispersiaas
found [Jgrgensen 1999; Trager etial. 2000a; Kuntschner!; 2000
Kuntschner et all_2001; Poggianti et al. 2001b.a; Vazdelad e
2001; Terlevich & Forbess 2002; Mehlert et ial. 2003). As thesmo
noticeable exception, the study lof Caldwell, Rose & Conoénn
(2003) hints for the presence of an age-sigma relationdhip,
driven mainly by the lowest-mass objects and with extrertaetye
scatter.

Somewhat more convincing correlations with velocity dispe
sion were found for metallicity and the/Fe element abundance
ratio in the studies mentioned above. In particular thestatould
be further improved (T05; Trager et al. 2000a; Proctor & $ains
2002; Mehlert et al. 2003) after element abundance ratisithesn
stellar population models were used (TMB; Trager et al. 2000
Besides allowing for a quantitative determination of elatatios,
the inclusion of element ratio effects allows for a cleanmgin
of total metallicity and in this way helps improving the acacy of
the age determination.

A major obstacle, however, is that most indices depend on all
three stellar population parameters. This leads to tigiretations
between the errors of these parameters, which hampersitteir
mination (TO5| Trager et él. 2000a; Kuntschner et al. 200ipar-
ticular small data sets are severely affected by this problE05
follow therefore a Monte Carlo approach and seek correiathe-
tween stellar population parameters and galaxy mass throug-
parison of mock galaxy samples with observational dataoddin
this method, well-defined relationships between all thriedias
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Figure 2. Contour plots of the relationship between stellar velodigpersion and luminosity-weighted age for various emrinental densities as indicated
by the inset histograms. The environmental density is ptap@l to the number density per volume, but no precise ighysinits are associated to it. The
lowest and highest density bins contain 658 and 571 out @&®Bgalaxies, respectively. The dashed line separates arwdlsequence population (orange
contours) from rejuvenated objects in the blue cloud wightiiaveraged ages smaller thas Gyr (cyan contours). The fraction of this latter populatien
given by the label. The underlying grey contours includenlmipulations. The solid line is a linear fit to the red seqequapulation, the parameters of the fit
are given at the top of each panel. The dotted line is the fiallaenvironmental densities (parameters from top leftehpanel). Its distribution is shown by
the top right-hand panel (same colour coding). The labagthe standard deviatienfor the fit. The ages relationship for the red sequence population is
independent of environment, while the rejuvenation fratincreases with decreasing density.

population parameters (including luminosity-weightece)agnd
galaxy velocity dispersion could be identified. Other récsark
on extremely large data samples (mostly SDSS) basicallfiraon
these results (Nelan et/al. 2005; Bernardi €t al. 2006; Gzlkt al.
2006; Clemens et al. 2006; Jimenez et al. 2007; Graves| €@y 2
Allanson et all. 2009).

3.2 Age as a function of environment

Fig.[2 shows contour plots for the relationship betweerastsk-
locity dispersion and luminosity-weighted age for varicersvi-
ronmental densities as indicated by the inset histograms.tdp
left-hand panel includes all environments. The three bofanels
show three different choices of environments (orange gistos),
i.e. the median density around the peak of the distributiciddle),
and the lowest (left-hand panel) and highest (right-hamepalen-
sity ends of the distribution. The latter are expected tastraly
isolated and densest cluster galaxies and contain 658 anhdu7
of 3,360 galaxies, respectively. Note that our densitynesstior is
proportional to the number density per volume but does ne¢ ha
a strictly physical meaning, hence we do not attempt a mare-ac
rate identification with astrophysical objects like galaxgups and
clusters.

The top-left and right-hand panels show that the distrdvudif
ages is bimodal with a major peak at old ages (orange contands

a secondary peak at young ages arowr2l Gyr (cyan contours) in
analogy to red sequence’ and 'blue’ cloud identified in gglpop-
ulations (see also Fifl 5). The sub-population of youngyetgide
galaxies could be identified here mostly thanks to the puray-
phological selection algorithm (see also Schawinski e2@09b).
The dashed line dbg (age) = 0.4 divides the two populations.
The objects below this line have very young light-averaggesa
(< 2.5 Gyr), and have most likely been rejuvenated by recent mi-
nor star formation events at lookback times2.5 Gyr. Note that

a minor rejuvenation event adding only a few per cent of young
stellar populations has a large effect on the luminosigrage age
(e.g.,.Greggio 1997; Serra & Trager 2007). Therefore, wkthal
objects below the dashed line rejuvenated’, and the foaatif ob-
jects in this category 'rejuvenation fraction’. The latisrabout

10 per cent as indicated by the label in the figure. It can aéso b
seen that rejuvenation occurs mostly in lower-mass gadaxith
log o < 2.2 as previously found in other studies (T05, Yiet al.
2005 Thomas & Davies 2006; Donas et al. 2007).

We discuss the rejuvenated population in the 'blue cloup- se
arately and derive stellar population scaling relationstiie 'red
sequence’ population that dominates the mass budget ofthryg
population. The linear fit to this population is shown by tloids
line. The parameters of the fit are given at the top of the panel
The distribution about this fit is shown in the top right-haahel
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histograms. The environmental density is proportionah®number density per volume, but no precise physical uritsssociated to it. The lowest and
highest density bins contain 658 and 571 out of 3,360 gadaxespectively. The cyan contours are rejuvenated obieéttidight-averaged ages smaller than
2.5 Gyr (see Fig[R), the orange contours are the old red sequemeation. Underlying grey contours include both popate. The solid line is a linear
fit to the red population, the parameters of the fit are givaheatop of each panel. The dotted line is the fit all environtaletiensities (parameters from top

left-hand panel). Its distribution is shown by the top rigfaind panel (same colour coding). The label gives the stdrtizviationo for the fit. Thea/Fe-o

relationship for the red sequence population is indepemafegnvironment.

(black histogram and orange line). The cyan line is the exjated
population and is clearly offset.

The fits to the red sequence population are repeated in every
environment bin. The dotted lines in all panels indicatefthi-
cluding all environmental densities. It can be seen clefaoiy the
plots that the resulting fit parameters are consistent wotharia-
tion as a function of environment within theird.-error bars. We
conclude there is no considerable change as a function agbenv
mental density, hence the agerelationship is independent of en-
vironment.

Very different is the behaviour of the blue cloud (rejuvetht
population. In this case, the environment plays a critiodd.rThe
rejuvenation fraction increases with decreasing enviemtal den-
sity. Hence early-type galaxies in lower density environtaere
not generally younger (at a given mass), but the fractioneef r
juvenated galaxies is higher. This dependence on envirohiae
very similar to what has been found by Schawinski etial. (2007
albeit tracing only the most recent residual star formaépisodes
in early-type galaxies through ne&it” colours.

Blue horizontal branches from metal-poor or peculiar metal
rich sub-populations | (Greggio & Renzini_1990; Dorman &t al.
1995; | Yietal. | 1998) may mimic an apparent presence of
young populations| (Maraston & Thomas 2000; Lee eial. 2000;
Maraston et all 2003; Trager et al. 2005, T05). This degegyera
is very difficult to disentangle in unresolved stellar pagidns.
We use therefore further indicators of residual star foromathat

are independent of horizontal branch morphology for ceesty
checks. They/Fe element abundance ratio is a useful quantity, be-
cause it quantifies the relative importance of delayed ctainein-
richment from Type la supernovae owing to late residual fetiar
mation (e.gl. Greggio & Renzini 1983; Matteucci & Greggi@9
Matteuccil 1994 Thomas etlal. 1999; Greggio 2005). We furthe
study emission line properties as indicators for possitde for-
mation and/or AGN activity, as the ancillary use of emisdioe
diagnostics allows us to break this degeneracy.

3.3 Thea/Fe ratio as a function of environment

Fig.[3 shows contour plots for the/Fe-o relations using the same
symbols and colour coding as in Fig. 2. We confirm previous-find
ings of a very well-defined and tight correlation betweerowel
ity dispersion andy/Fe ratio. The linear fits are again performed
on the red sequence population (orange contours) as defirilbd i
previous section. The distribution about this fit is showthi& top
right-hand panel (black histogram and orange line). The dye
is the rejuvenated population. The dotted lines in all paivedi-
cate the fit including all environmental densities. Alsoliistcase
the slope and zero-point of the correlation are consistétfit mo
variation as a function of environment.

The environment-dependent rejuvenated population (cyan
contours) is offset from the general fit to slightly lower/[Fe] ra-
tios by~ 0.1 dex. Note that errors in age andFe do not correlate
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Figure 4. Contour plots of the relationship between stellar velodigpersion and total metallicity for various environméikansities as indicated by the inset
histograms. The environmental density is proportionah®number density per volume, but no precise physical uritsssociated to it. The lowest and
highest density bins contain 658 and 571 out of 3,360 gadaxespectively. The cyan contours are rejuvenated obieéttidight-averaged ages smaller than

2.5 Gyr (see FiglR), the orange contours are the old red sequeméation. Un
to the red population, the parameters of the fit are giveneatdp of each panel.
left-hand panel). Its distribution is shown by the top ri¢laind panel (same col
relationship for the red sequence population is indeperafegnvironment.

such that they could create the offsetariFe seen here (see Fig.
3 in Thomas et al 2005). This result is critical, as it suppadine
interpretation that the low light-averaged ages of thevesjated
population are indeed caused by the presence of residudbsta
mation in these objects. This conclusion is further supgzbbly the
fact that rejuvenated elliptical galaxies with lewFe ratios tend to
have extra light in the centre pointing toward a dissipatidoarma-
tion scenariol(Kormendy et al. 2009). Fig. 3 shows that tligedf
in o/ Fe ratio is relatively small, however, which suggests thayonl
minor star formation episodes are responsible for this/ezjation.
This is in agreement with the mean stellar ages derived fitzam t
mid-infrared fluxes of early-type galaxies that only allawv $§mall
amounts of recent star formation (Temi et al. 2005).

3.4 Total metallicity as a function of environment

The contour plots for theZ/H-o relations are shown in Fifj] 4 us-
ing the same symbols and colour coding as in Elg. 2. Again, we
confirm the existence of a well-definég€/H-o relation. Our data
mainly improve on its tightness and significance. The lirfigaare
again performed on the red sequence population (orangeursit

as defined in the previous section. The distribution aboigt fth

is shown in the top right-hand panel (black histogram andigea
line). The cyan line is the rejuvenated population. Theatblines

in all panels indicate the fit including all environmentahdities.

derlying grey contours include both popata. The solid line is a linear fit
The dotted line is the fit for all environtakdensities (parameters from top
our coding). The label gives the stdrdkviationo for the fit. TheZ/H-o

Like for age andx/Fe ratio, these relationships are independent of
environment.

Fig.[4 further shows that the rejuvenated galaxies (cyar sym
bols) have slightly higher metallicities than the bulk pizpion by
~ 0.1 dex. This agrees well with previous findings of an age-
metallicity anti-correlation at givers in early-type galaxies (e.g.,
Trager et all 2000a). The slight increase in metallicallygasts
that the residual star formation in these galaxies doesnvolve
purely metal-poor pristine gas but must include at leastestrac-
tion of previously enriched interstellar medium, eith@rfrinternal
re-processing or external accretion. Again, the fact trabffset is
small suggests that the rejuvenation event involves onlyirom
fraction in mass.

3.5 Colour

As a cross-check of the stellar population parameters eldfiom
absorption line indices we briefly discugsr colour. Fig[% shows
contour plots for tha: — r-o relation using the same symbols and
colour coding as in Fig]2. All environmental densities aicided.
The linear fits are again performed on the red sequence papula
(orange contours) as defined in the previous section. Theeej
nated population (cyan contours) with light-averaged dmgew

2.5 Gyr as defined in Fd]2 is well separated from the red popu-
lation showing bluer —r colour by aboub.2 mag. The old pop-
ulation forms a well-defined red sequence, while the rejatesh
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Figure 5. Contour plots of the relationship between stellar velodigper-
sion andu —r colour including all environmental densities. The cyan-con
tours are rejuvenated objects with light-averaged agefiesrtfzan2.5 Gyr
(see Fig[R), the orange contours are the old red sequenceagiop. Un-
derlying grey contours include both populations. The slifid is a linear
fit to the red population, the parameters of the fit are givetheatop of the
panel. The rejuvenated population is clearly visible tigloits blueu —r
colour, which is offset from the general trend ky0.2 mag.

objects occupy the region that is known as the 'blue cloutie T
u—r colour clearly reinforces the conclusions drawn from HEjs.

3.6 Star formation activity and AGN

It is interesting to analyse the ionisation states of theigabe
early-type galaxies as a function of their position on the-age-
lationship. In particular, the possibility of blue horizahbranch
stars mimicking the presence of young stellar populatiars ke
ruled out if rejuvenation coincides with star formation ity
detected through emission lines. The majority of the san(ipfe
per cent) shows no significant emission lines, hence arsifitas
as ’'passive’. To the remaining 'active’ 23 per cent we applg t
BPT classification scheme that separates star formatiom AGN
(Baldwin et al. 1981] Veilleux & Osterbrock 1987; Kewley ét a
2001;| Kauffmann et al. 2003; Miller etial. 2003). A detaile®B
analysis of the present sample is presented in_Schawinaki et
(2007b) and we refer the reader to this paper for furtherildeta
Using the classifications from_Schawinski et al. (2007b), find
that 16 per cent of the objects with emission lines are stanifay,

1’4_ T T T T T

I Passive + LINER
1.2¢

[ star forming

0.8
0.6}
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0.0 . - . . .
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Figure 6. Contour plots of the relationship between stellar velodity-
persion and age including all environmental densities|¢anz to Fig[2).
The coloured contours are sub-populations separatedghrtheir emis-
sion line classifications star forming (blue), star formi&@N composite
(green), AGN Seyfert-like emission (orange), AGN LINEReiemission
and passive (red). The underlying grey contours includgalkxies. All
objects with traces of ongoing star formation (blue and @@ ntours) be-
long to the rejuvenated population defined in . 2, whiléaxjas with
AGN have considerably older stellar populations.

of the rejuvenated galaxies (84 per cent) are actively fogmstars,
which is well consistent with the detection of significantamts

of neutral hydrogen in low-mass ellipticals (Morganti €12006).

This clearly rules out the possibility of blue horizontahhch stars
mimicking the presence of young stellar populations.

3.7 Dynamical masses

So far in this paper we have used line-of-sight stellar vigtatis-
persiono as a proxy for galaxy mass. The major reason is that
o is independent of the stellar population properties ddrivere
and can be easily measured in galaxy spectra from the broaden
ing of absorption line features (e.q., Faber & Jackson|1B@6der
1990). Howeverg is a difficult quantity to predict in galaxy for-
mation models, the direct output of which are stellar andadyin

cal masses. Hence, we determine dynamical masses fromahe sc
ing between virial dynamical galaxy ma&, with stellar veloc-

ity dispersiono, and effective radius provided by Cappellari €t al.
(2006). Effective radii are taken from the SDSS database Th

21 per cent are star forming/AGN composites, 16 per cent have typical error inlog Mayn is 0.05 dex with a tail extending to

AGN Seyfert-like emission lines, and 47 per cent show LINER-
type emission.

In Fig.[8 we plot contours for these sub-populations over the
agee relationship of the whole sample (analogue to Elg. 2). Star
forming objects are plotted in blue, star forming/AGN corspo
ite objects in green, AGN with Seyfert-like emission in ggan
and finally AGN with LINER-like emission and passive galaxie
are plotted in red contours. It turns out that all objects gfeow
signs of star formation activity (blue and green contougs)ehre-
juvenated stellar populations. Some fraction of these tardf@arm-
ing/AGN composites, but all objects that host AGN in theinttes
without any star formation harbour old stellar populatioktore
specifically, we have detected star formation activity i6 281t of
3360 objects (8.51 per cent) compared to 341 (10.15 per teatt)
have been classified as rejuvenated. This implies that theritya

~ 0.2 dex. Note that this 'dynamical’ mass should be a good ap-
proximation also of the baryonic mass, as baryonic mattdois-
inating the mass budget in early-type galaxies inside tfecgfe
radius (Cappellari et al. 2006; Thomas €t al. 2007). Thiffierént
from the approach in T0O5, where a scaling with observed lostin
ity through modelM /L ratios as a function of age and metallicity
is used. We prefer the dynamical mass estimates, as theydee i
pendent of the stellar population parameters derived.

Fig.[1 presents the equivalent plots to Fig§l2, 3[and 4 siwpwi
the resulting relationships between dynamical mass afidrgtep-
ulation parameters light-averaged age (left-hand pang¢be ele-
ment ratio (middle panel), and total metallicity (rightrtbpanel).
All environmental densities are included. The dashed lie&-(
hand panel only) separates again the red sequence populatio
ange contours) from the rejuvenated objects with lightayed
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Figure 7. Contour plots of the relationship between dynamical masislight-averaged age (left-hand panet)Fe element ratio (middle panel), and total
metallicity (right-hand panel) including all environmahtdensities. The dashed line (left-hand panel) separb®®lt red sequence population (orange
contours) from the rejuvenated objects with light-avedagges smaller tha.5 Gyr (cyan contours). The fraction of this latter populatisrgiven by the
label. The underlying grey contours include both popuiwidrhe solid line is a linear fit to the red population, theapagters of the fit are given at the top of
each panel. The dynamical mass is calculated from the goaiih velocity dispersion and effective radius adoptedrfi@appellari et al. (2006).

ages smaller thap.5 Gyr (cyan contours), while the underlying
grey contours include both populations. The solid line isiedr fit

to the red sequence population, the parameters of this fgieea

at the top of each panel. It is evident that the scaling i@batiare
just as well defined for dynamical mass as they are for velocit
dispersion.

3.8 Rejuvenation fractions

The results presented in this work show that it is the fractibre-
juvenated galaxies (galaxies in the blue cloud) that is depet
of environment, while the stellar population scaling rielas of
the red sequence galaxies are environment independerdr, $oef
have not disentangled this from the general correlatiowéet age
and mass. As the rejuvenation fraction increases also witheds-
ing velocity dispersion and galaxy mass, its environmetiéglen-
dence may just be caused by mass segregation, which is thdac
more massive galaxies live preferentially in denser emvirents.

Fig.[8 quantifies this in more detail. The plots show the frac-
tion of rejuvenated galaxies as a function of environmedesisity
(left-hand panel) and velocity dispersion (or galaxy maiggt-
hand panel) for three different bins in velocity dispersiaomd en-
vironmental density, respectively. Fig. 8 demonstratastthe frac-
tion of rejuvenated early-type galaxies increases as aibmof
both decreasing galaxy mass (see also Schawinskil et al) 2006
decreasing environmental density (Schawinski gt al. 2)0xih
the effect of environment being slightly weaker. Fractioasy
from only a few per cent for the most massive galaxies in dens-
est regions up to 45 per cent for the smallest ellipticalse(a f
10'° M) in the least dense regions of the universe. It can be
seen that the rejuvenation fractions as well as their degras=don
environment are largest for the smallest galaxies (blue ilinthe
left-hand panel). The most massive early-type galaxies baperi-
enced no rejuvenation event independent of environmergénta
line in the left-hand panel). The rejuvenation fraction agdow-
and intermediate mass galaxies (blue and orange lineg)dses
from the highest to the lowest density bin:at 20 significance.
The increase of the rejuvenation fraction as a function &foity
dispersion is most pronounced for the lowest environmeteaki-
ties (blue line in right-hand panel).

3.9 Thefinal scaling relations

The age fits for the red sequence population shown in Eigsd2 an
[7 as orange solid lines ateg age(Gyr) = —(0.25 & 0.05) +
(0.52 £ 0.02) logo andlog age(Gyr) = —(0.76 + 0.09) +
(0.154+0.01) log Mayn. Note, however, that the sample discussed
here covers the redshift ran@e05 < z < 0.06. Even though
these are very moderate redshifts, they correspond to baok-
times that are significant for the purposes of this work (dee a
Bernardi et all 2006). Adoptin§2,, = 0.24, Q2 = 0.76, and
Hy = 73 km/s/Mpc (Tegmark et al. 2006; Percival ellal. 2007) we
obtain an average lookback time@f0 Myr for this redshift inter-
val. By correcting for this time evolution (on the linear aggmale),
the zero points of the above relationships (on logarithnoile
increase to-0.11 and—0.53, and the slopes decrease to 0.47 and
0.13. We assume that both metallicity amgdFe ratio do not evolve.
We then obtain the followindpcal stellar population scaling
relations, age (logt(Gyr)), total metallicity ¢/H), anda/Fe ele-
ment ratio as functions of velocity dispersien(in km/s) and dy-
namical massV/qyn (in Mo). Note that these anedependent of
the environment

logt = —(0.11+£0.05)+ (0.47 £ 0.02) log(o) 1)
[Z/H] = —(1.3440.04) + (0.65 %+ 0.02) log(o)
[a/Fe] —(0.55 £ 0.02) 4 (0.33 £ 0.01) log(o)

logt = —(0.53+0.09)+ (0.13+0.01) log(M)  (2)
[Z/H] = —(2.40%0.07) + (0.22 + 0.01) log(M)
[a/Fe] —(0.95 £+ 0.04) + (0.10 £ 0.01) log(M)

These relationships represent the red sequence popudetibn
are valid for a large range in galaxy massesX 100 kms™! or
Mayn = 3 - 10" M) and all environmental densities. Note that
a major fraction of galaxies deviates from these scalingfiis at
the low ends of the mass and environmental density distoibsit
as the fraction of rejuvenated galaxies increases #H per cent
(see Fig[B).

The observed spread in log age, metallicity, andHe] ratio
in Eqn.[1 is on average.23 dex,0.11 dex, and0.07 dex, respec-
tively (see top right-hand panels in Fig$[2, 3, &hd 4). Suling
the errors estimated in Sectibh 2, we obtain an avenagimsic
scatter 0f0.21 dex,0.08 dex, and0.02 dex, respectively. The in-
trinsic scatter in age increases slightlyG@®7 dex at the lowest



10 D.Thomas et al.
log M, (M,]
10 10.5 11 12
0.6 T T T T T T T T
g 1.8slogo<1.9 T low density
g 0.4 L 2.3slogo<2.5 - high density
ha —
[
2 L
—
S 02t -
3]
>
3
= L -
e ok E = 5 | i
-3 -2 -1 0 1.8 2 2.2 2.4

Environmental density

log ¢ [km/s]

Figure 8. Left-hand panelfraction of rejuvenated galaxies as a function of enviramadedensity (left-hand panel) for three bins in velocitgmirsion as
indicated by the labels. Note that the units of environmetieasity provide a relative measure of local density anchateassociated to astrophysical objects
such as field, groups or clusters. Right-hand panel: Fradigejuvenated galaxies as a function of galaxy velocigpdision and dynamical mass (see top
x-axis) for three different environmental density intédsva5 < log p < —1 (blue line),—1 < log p < 0 (orange line), and < log p < 1 (magenta line).
Error bars are Poisson errors. The figure shows clearly tleatgjuvenation fraction depends on both galaxy mass arnicbamental density.

environmental densities, while the intrinsic spread inhbutetal-
licity and o/ Fe is virtually independent of the environment.

The slopes and zero-points for the scaling relations foand i
this work are in reasonable agreement with other recenttseisu
the literature (see references in the Introduction). Thpesbof the
ageo relation is somewhat steeper than what we have found in
TO5. In particular the results for the high-density samplér05
are different, which might well be caused by a particulaotyhe
Coma Cluster that dominates the high-density part of theplam
in TO5. Still, the impact on the derived formation epochs tredr
dependence on galaxy mass is minor (see Selction 4). The most i
portant difference with TO5 and other previous work is thatstel-
lar population scaling relations are independent of thérenment
for the bulk of the population.

4 EPOCHS OF EARLY-TYPE GALAXY FORMATION

The luminosity-weighted ages and/Fe element ratios derived
here enable us to approximate star formation historiess Thi
possible as the element ratio constrains formation tinaéesc By
means of a chemical evolution model (Thomas &t al.[1999)0k T
we determined a simple scaling betweefFe ratio and formation
time-scales. The latter together with the average age dedirstar
formation history. The resulting star formation rates asfions of
lookback time for various mass bins are shown in Elg. 9. Masse
are derived from velocity dispersion and effective radiumtigh
the scaling provided by Cappellari et &l. (2006). As disedss
detail in TO5, these star formation histories are meant étckkthe
typical formation history averaged over the entire eaylyetgalaxy
population (at a given mass). Real star formation histafandi-
vidual objects are expected to be more bursty and irregular.

4.1 Comparison with T0O5

The formation epochs of early-type galaxies belewl0'* M
are in good agreement with the values derived in TO5 for the lo
density sample. At the highest masses the situation is nmre c

plex. The steeper slope of the ageaelationship found here with
respect to the low-density sample of TO5 leads to signifigant
larger formation ages of the most massive early-type gasaxith
logo ~ 2.5 (~ 10" M) by about2 Gyr. The lookback time for
their formation is~ 12 Gyr (instead of~ 9.5 Gyr in T05) and
hence conspires to be very similar to the ages of the higkigen
massive early-types in TO5. Their formation redshifts, beer, are
lower (~ 4) than in TO5 & 5) because of the lower values for both
matter density and Hubble parameter adopted in the presahkt w
following the most recent determinations (Tegmark et al0&20
Percival et al. 2007).

4.2 Archaeological downsizing

Fig.[3 illustrates the key observation that more massivaxies
form at higher redshift, now commonly referred to as 'downsi
ing’. This naming was first suggested by Cowie etlal. (1996p wh
studied deep survey data and found that 'the maximum rastdr
K luminosity of galaxies undergoing rapid star formation besn
declining smoothly with decreasing redshift’. The presgyroach
based on the 'archaeology of stellar populations’, insteaaini-
fests downsizing for the local galaxy population, whichitadly is
called 'archaeological downsizing’ by Neistein et al. (ERONote
that the latter is a universal characteristic of galaxy fation and
is not restricted to early-types (Gavazzi et al. 2002; Heat al.
2004;| Cid Fernandes etlal. 2007; Panter &t al. 12007). Mosbrimp
tantly, the convergence of local and high redshift obséaatto
the general downsizing pattern is vital to set stringentst@ints
on the theory of galaxy formation.

Clearly, a mechanism is needed to regulate star formation
in massive objects in order to produce the anti-hierarthiead
suggested by observations. AGN feedback has been spotted as
the most promising solution (Silk & Rees 1998; Binney 2004;
Granato et al. 2004; Silk 2005; Miller etial. 2006; Schawiretlal.
2006; | Hopkins et al.2008; Renzihi_2009; Cattaneo et al. 12009
Kormendy et al.| 2009). In a companion paper exploiting the
MOSES sample (Schawinski etlal. 2007b; Schawinskilet aR&p0
we have found first empirical evidence that such a mechaniagn m
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Figure 9. Specific star formation rate as function of look-back timedarly-type galaxies of various masses as indicated bytied. The grey hatched curves
indicate the range of possible variation in the formationetiscales that are allowed within timrinsic scatter of thex/Fe ratios derived. No dependence on
environmental density is found. The upper x-axis connéats &nd redshift adoptin®,, = 0.24, 25 = 0.76, andHy = 73 km/s/Mpc. Note that these star
formation histories are meant to sketch the typical foramatiistory averaged over the entire galaxy population (atengnass). Real star formation histories
of individual objects are expected to be more bursty anditee. Intermediate- and low-mass galaxies in low-densilyironments get rejuvenated via minor
star formation events below redshift~ 0.2 (see Section 3.8). This suggests a phase transition froiifreegalated formation phase without environmental
dependence to a rejuvenation phase, in which the environpfeys a decisive role possibly through galaxy mergers atedactions.

indeed be occurring in early-type galaxies also at receatlep
Moreover, AGN outflows at high redshift provide observasibev-
idence for AGN feedback at early epochs in the evolution tdga
ies (e.g. Nesvadba et/al. 2008). The most recent renditicsenoi-
analytic, hierarchical galaxy formation models includerasgrip-
tion of AGN feedback|(De Lucia et al. 2006; Croton etlal. 2006;
Bower et all 200€; Monaco etlal. 2007; Cattaneo gt al.|200%6 20
Dekel & Birnboim! 2005/ Cattaneo etial. 2007; Cavaliere & Menc
2007).. De Lucia et al! (2006) show that the simulations now+ pr
duce star formation histories that are much closer to therebs
vational constraint presented in TO5 (and Hif. 9 of the prese
work) than previous generations of semi-analytic modele @b-
serveda/Fe enhancement of early-type galaxies and in particu-
lar its correlation with galaxy mass (F[d. 3) needs yet todmon-
ciled with hierarchical models of galaxy formation (Thori£99;
Nagashima et al. 2005; Pipino etlal. 2009)|_In_Pipino et 09

it is shown that the predicted/Fe-mass relationship is still flat-
ter and has considerably more scatter than the observati@nsin
models with AGN feedback. This conclusion is confirmed by the
recent study of Arrigoni et all (2009), who show that théFe-o
relation can only be produced if a top-heavy initial masscfiom
and a lower fraction of binaries that explode as Type la supere
are adopted.

4.3 Phase transitions in the local universe

A fundamental difference with respect to previous resslthé lack
of a dependence on environment. Fig. 10 in TO5 presentinfpthe
mation epochs shows a significant delay in the formation o§-ma
sive galaxies in the field. As discussed in TO5, this suggetstat
massive galaxies in low densities form later but on the same-t
scales as their counterparts in clusters (see Fig. 10 in 39%he
direct consequence of early-type galaxies in denser emvients
having higher ages but the samgFe ratios. This implied that star
formation must have essentially been on hold for the 8rsyr
in massive objects in low densities. The new (and statifiozore
robust) results presented here suggest a different pidtutiee new
version of the star formation history plot (see Fiy. 9) themdar-
mation epochs of early-type galaxies as a function of gafaags
are independent of the environmental density.

However, some early-type galaxies are rejuvenated, iey. th
must have harboured minor star formation events at recathsp
within the past few Gyrs (see Section 3). Such recent stander
tion activity that we call 'rejuvenation’ occum topof the star for-
mation histories shown in Fif] 9. The fraction of this rejusted
galaxy population increases both with decreasing galaxssraad
with decreasing environmental density (see Elg. 8). Thiglies
that the impact of environment increases with decreasitaxga
massl(Tasca et al. 2009). The dependence on environmergstsigg
that galaxy interactions and merger activity might havenbe
major triggers of early-type galaxy rejuvenation in thetpasv
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billion years since approximately redshift~ 0.2. During most
of the Hubble time, instead, the formation and evolutionadye
type galaxies was driven mainly by self-regulation proesssnd
intrinsic galaxy properties such as mass. The stellar pojouls
in early-type galaxies did not seem to feel in which envirenin
the galaxy was forming. It is during this formation phaseobef
z ~ 0.2 when the bulk of the stellar populations in early-type
galaxies formed, and when the stellar population scalitefioms
(see Eqnd.]1 arid 2) were established. This stage is thewéallby
a rejuvenation phase at redshifts belew~ 0.2 affecting mostly
low- and intermediate mass early-type galaxies, duringclviie
environment must have played a key role possibly via galassgm
ers and interactions.

Thus, there must have been a phase transition a few bil-

lion years ago in the evolution of early-type galaxies from a
environment-independent self-regulated phase of foonat an
environment-dependent phase of (possibly) merger-driggrve-
nation as sketched in Fiff] 9. The universe may eventuallyemov
into a secular evolution phase in which intrinsic galaxypenies
re-gain dominance over galaxy interactions as the mairedo¥
galaxy evolution|(Kormendy & Kennicuitt 2004).

5 DISCUSSION

In this paper we investigate the effect of environmentalsitgron
the formation epochs of early-type galaxies. The major oner
ment with respect to TO5 and other previous work in the litea
is the significant increase in sample size allowing for a prcgta-
tistical analysis. We study 3,360 elliptical galaxies ireaywnarrow
redshift bin 0.05 < z < 0.06) that have been morphologically
selected from the SDSS DR4. The most important result is #hat
fixed galaxy mass, we find no dependence of the stellar papulat
parameters on environmental density for the bulk of the [adjmun.
It is the fraction of rejuvenated ellipticals (about 10 pentin the
average environment), instead, that increases strontjiydscreas-
ing environmental density. In the following we compare fhigling
to other recent work in the literature.

As outlined in the Introduction, pre-SDSS studies of thé ste
lar population parameters in early-type galaxies basedetsr r
tively small, local samples consistently find younger agerages
in low density environments. TO5 have found an average istifie
luminosity-weighted age by 2 Gyr. The present sample based
on SDSS is significantly larger and therefore less biaseérasy
the local volume, which may explain the discrepancy witlvimes
work. The increase in sample size further implies a highesissi-
cal significance of the results.

0.06 dex younger and slightly legs/Fe enhanced in the outskirts.
This result is not necessarily inconsistent with the presamdy.
This effect on the average quantities is small and might Wwell
driven by the increase in the relative number of rejuvenatkioti-
cals rather than by a change in properties of the bulk populat

Interesting in the context of this paper is also the work by
Haines et 8l[(2006) based on SDSS DRA4. In essence they find tha
the typical ages of dwarf galaxies show strong dependen@non
vironment, from being relatively old, passive satellitesclusters
to being actively star forming and rejuvenated systemserfitid.
This is very well in line with our finding that it is the rejuvan
tion fraction (which is largest in the smallest galaxiegttstrongly
depends on environment.

Colour gradients (with bluer colours at larger radii) are
found to become steeper with decreasing environmentalitgens
(La Barbera et al. 200%; Ko & I 2005). Combined with the fact
that colour gradients are produced by metallicity rathemtlby
age (Saglia et al. 2000; Tamura etial. 2000; Mehlert et al.2200
Wu et al.| 2005), this suggests that a higher (dry) mergerirate
denser environments might have flattened existing metslta-
dients. However, the results of the present work imply thatfor-
mation and evolution of the stellar populations in galaxiest still
be controlled intrinsically independent of the environmesuch
dissipation-less, dry mergers in dense environments hadeed
been observed (van Dokkum etlal. 1999; Tran &t al.|2005).Heyt t
must occur relatively late in the evolutionary history oé tearly-
type galaxy population and must be moderate in number inrorde
to keep the stellar population scaling relations intacte Bhser-
vationally constrained, modest merger rate for massivaxgzd of
one merger per galaxy sinee ~ 1 may be consistent with that
requirement (Bell et al. 2006; Pozzetti etlal. 2010).

Most recently, Cooper et al. (2009) have found a residual age
density relationship for red sequence galaxies drawn fr@8S
which is in apparent contradiction to the results of thisgyagnd
other SDSS based stellar population studies such as Begataid
(2006). These two results can be reconciled, however. tissiple
that the actual variation in age as a function of environnietbo
small for a direct detection in the present work, but visifethe
residual age-density relation discussed in Cooper| et@9R This
would be consistent with the work of Clemens et al (2006, 2009
who find a small £ 0.1 dex) systematic offset toward older ages
in high density ellipticals independently of galaxy mass.

6 CONCLUSIONS
We analyse the stellar population properties of 3,360 egpg

A first step toward large samples beyond the very local uni- galaxies as functions of their environmental density ardnisic
verse has been done by Bernardietal. (1998) who analyse theparameters such as velocity dispersion and dynamical rAass-

Mg,-o relationship of a sample of 931 early-type galaxies in var-
ious environments. Interestingly, they find the influencettod
environment to be negligible, in agreement with the present
sults. A more detailed comparison is not possible, howeasr,
Bernardi et al. [(1998) do not derive stellar population paa
ters directly. In a more recent study based on the SDSS aiste
Bernardi et al.|(2006) discuss the stellar population sgatela-
tions as a function of environment. Their Fig. 14 clearlyesy
with our conclusion that these relationships are insesesit) the
environmental density.

jor aim is to check the result found in TO5 by increasing thaga
size by more than a factor ten. The objects are morpholdgisat
lected by visual inspection from the SDSS in the narrow rgdsh
range0.05 < z < 0.06. The sample utilised here is part of a
project called MOSESMO rphologically SelectedEarly-types in
SDSS (see also Schawinski etlal. 2007b). The most radicardiff
ence with respect to other galaxy samples constructed fild8SS

is our choice of purely morphological selection. We haisally
inspected 48,023 objects in the redshift rafde < z < 0.1 with

r < 16.8 mag and divided the sample in 31,521 late-type (spi-

Smith et al. |(2006) analyse 3,000 red-sequence galaxies inral arms, clear disc-like structures) and 16,502 earlytgplax-

nearby clusters and find some variation of the stellar paioulga-
rameters along the cluster radius. Early-type galaxiesapabout

ies. The major advantage of this strategy is that our samsphet
biased against star forming early-type galaxies. We caleuh 3-
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dimensional volume density at the location of each objectyig-
ing us with alocal environmental density. Kinematics of gas and
stars are determined using the code by Sarzilet al. (200@&wsi
based on the ppxf method by Cappellari & Emsellem (2004)- Ste
lar population and emission line templates are fitted siamalously
to the galaxy spectrum, which yields clean absorption lipecs
tra that are free from emission line contamination. Subsetiy
Lick absorption line indices are measured. By means of #l&ast
population models of Thomas et al. (2003, 2004) the stebaup
lation parameters age, metallicity, angdFe ratio are derived using
a minimisedy? technique. Dynamical masses are calculated from
a scaling between galaxy velocity dispersion and halftligldius
(Cappellari et al. 2006).

The morphological selection algorithm is critical as it doe
not bias against recent star formation. We find that theidigion

few billion years, belowz ~ 0.2, galaxy interactions and (minor)
mergers appear to have become the major players in galaky-evo
tion leading to rejuvenation of mostly intermediate and-imass
early-type galaxies in low density environments.

We infer that early-type galaxy formation has undergone a
phase transition a few billion years ago around- 0.2. A self-
regulated formation phase without environmental depeteléas
recently been superseded by a rejuvenation phase, in wieosr
vironment plays a decisive role possibly through galaxygess
and interactions. The universe will subsequently move énsec-
ular evolution phase in which intrinsic galaxy propertiesgain
dominance over galaxy interactions as the main driver adogal
evolution (Kormendy & Kennicuit 2004).

The galaxy catalogue produced in this study can be found at
www.icg.port.ac.ukithomasd.

of ages is bimodal with a major peak at old ages and a secondary

peak at young ages arourd2.5 Gyr containing about 10 per cent
of the objects. This is analogue to 'red sequence’ and 'bloed:
identified in galaxy populations usually containing bothlyeand
late type galaxies. The fraction of the young, rejuvenatetydype
galaxy population depends on intrinsic galaxy propertewell as
their environmental densities, i.e. it increases as a fonaif both
decreasing galaxy mass and decreasing environmentaltyldisi
varies from only a few per cent for the most massive galaxies i
densest regions up to 45 per cent for the smallest earlyggjze-
ies (a few10'® Mg) in the loosest environments. This implies that
the impact of environment increases with decreasing gateass.

The rejuvenation process detected here through optical ab-
sorption line indices may date back or stretch over seveyas G
back in time. Most likely an early-type galaxy has been repated
through several minor star formation events each involsiagfor-
mation of only a few per cent of the galaxy’s mass. Most impor-
tantly, the rejuvenated galaxies display slightly lowefFe ratios
and slightly higher total metallicities. The former supisdahe reju-
venation scenario, as a depletedFe ratio is a clear indication for
late Type la supernova enrichment caused by residual staafo
tion events. This is further supported by the fact that théssion
line spectra of most of the rejuvenated galaxies indicatepties-
ence of minor, ongoing star formation. Some fraction of ¢hase
star forming/AGN composites. All objects that host AGN imith
centres without any star formation being involved haveateld
populations. Finally, the higher metallicities suggesit e latter
does not involve purely metal-poor pristine gas but musiuihe
at least some fraction of previously enriched interstett@dium,
either from internal re-processing or accretion.

The early-type galaxy population on the red sequence, in
stead, turns out to be insensitive to environmental dessitiVe
find that the stellar population scaling relations inclggthe age-
mass relation are independent of the environment and oivgrdr
by galaxy mass. We confirm and statistically strengtheriezag-
sults that luminosity weighted ages, metallicities, apte ele-
ment ratios correlate with velocity dispersion. We furtbleow that
these ’stellar population scaling relations’ are well defiralso for
galaxy mass, which reinforces the now widely accepted quifare
of "archaeological downsizing’ of early-type galaxies. sflinter-
estingly, however, these scaling relations are not seaditi envi-
ronmental densities and only driven by galaxy mass. Thistaed
old average ages of early-type galaxies suggest that theafan
of early-type galaxies is environment independent ancedronly
by self-regulation processes and intrinsic galaxy progeguch as
mass. This formation phase has lasted most of the Hubble time
but appears to have now come to an end. At lookback times of a
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