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1 INTRODUCTION

The origin and evolution of early-type galaxies is a longated
topic, its solution involving a large array of cosmologieeald as-
trophysical processes. The current paradigm of galaxydtion is
embedded in thdCDM cosmology, from which the structures in
the Universe are built hierarchically. Under this framekyaarly-
type galaxies are effectively a secondary stage in galaaigon.

* E-mail: ferreras@star.ucl.ac.uk

ABSTRACT

The effect of environment on galaxy formation poses one @bidsst constraints on the inter-
play between mass assembly and star formation in galaxiegrésent here a detailed study
of the stellar populations of a volume-limited sample ofiedéype galaxies from the&Sloan
Digital Sky Surveyacross a range of environments — defined as the mass of thadnksnat-
ter halo, according to the groups catalogue of Yang et al.st¢l&ar populations are explored
through the SDSS spectra, via projection onto a set of twotsglesectors determined from
Principal Component Analysis. This method has been foumigiolight differences not seen
when using standard, model-dependent comparisons of fsipetciroscopic data. We find the
velocity dispersion of the galaxy to be the main driver bdtire different star formation his-
tories of early-type galaxies. However, environmentaet are seen to play a role (although
minor). Our Principal Components allow us to distinguistwaen the effects of environment
as a change in average age (mapping the time lapse of as3emthig presence of recent star
formation (reflecting environment-related interactior@dlaxies populating the lowest mass
halos have stellar populations on average Gyr younger than the rest of the sample. The
fraction of galaxies with small amounts of recent star faiorais also seen to be truncated
when occupying halos more massive thag M 3 x 10'*M,. The sample is split into satellite
and central galaxies for a further analysis of environm®ntall but measurable differences
are found between these two subsamples. For an unbiasedideor we have to restrict
this analysis to a range of halo masses over which a significanber of central and satellite
galaxies can be found. Over this mass range, satellitegaregerthan central galaxies of
the same stellar mass. The younger satellite galaxiesinM x 1012M, halos have stellar
populations consistent with the central galaxies founthéldwest mass halos of our sample
(i.e. Mg ~ 10'2M,). This result is indicative of galaxies in lower mass halei accreted
into larger halos.

Key words. methods: statistical — galaxies: elliptical and lenticut® — galaxies: evolution
— galaxies: formation — galaxies: halos.

The first stage consists of the formation of rotationallpsarted
disk galaxies, built up through the accretion of gas and lemsys-
tems. Mergers subsequently operate, creating early-tafzxigs.
The masses and ages of the stellar populations in earlygiaio-

ies imply that these systems are the result of an intenskussar
followed by processes which quench star formation aftectvitie
galaxy evolves passively.

One of the proposed mechanisms to stop star formation re-

quires the removal of gas from the galaxy, involving eitrestfre-
moval of cold gas (ram-pressure stripping), or a slower r&ho
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of hot diffuse gas (strangulation). These mechanisms, hervdo

not result in a change in kinematics and only minor changes in
morphology I(Weinmann et zl. 2009) and so they can possibly ex
plain the increased fraction of SO galaxies (€.9. Dress3&0)
The major formation process of red sequence galaxies igttiou
to operate through major mergers (€.g. De Lucia ket al.|2006)w
result in the required structural and dynamical changeshSu

2005%;| Weinmann et al. 2006; Blanton & Berlind 2007) . Not only
are environmental dependencies observed to act primaniyds-
tances comparable to the virial radius of such halos (Goatl et
2003), but also the merger history of the dark matter halceis d
termined mainly by its present mass (Kauffmann et al. 2004
mass of the host dark matter halo cannot be directly measured
in most cases but can be estimated through galaxy group cata-

processes have been known for a considerable time to producelogues (e.g._Yang et al. 2007). Such catalogues also prdhiele

spheroidal galaxies (Toomre & Toomre 1972; Barnes & Hersiqui
1996; | Khochfar & Burkert 2003),as well as more detailed pho-
tometric and dynamical properties (Naab & Burkert 2003,6)00
More recent results also suggest that minor mergers maygslay
increasingly important role in the build up and size evantof
massive ellipticals at relatively later times (e.g. Kharhf Silk
2006;| Bezanson et al. 2009; Bernardi et al. 2009). The sulesgq
guenching of star formation and evolution of the galaxy dhi®

halo-centric radius and can be used to easily separate the sa
ple into central and satellite populations. The other athga in
estimating the environment through halo mass is that inalla
direct comparison between observations and theoreticaletso
Dekel & Birnboim (2006), Somerville et al. (2008), Cattare@l.
(2008) or Khochfar & Ostriker (2008) all make model predios
of the evolution and properties of galaxies in terms of thé daat-
ter halo mass. For example Cattaneo étlal. (2008), followtirey

red sequence, requires the gas to be removed or heated to prework ofBirnboim & Dekel (2003) and Dekel & Birnboin (2006),

vent the formation of new stars. Currently models invokedfee
back from active galactic nuclei (AGN), since this fits natlyrinto

the merger scenario. Such interactions are expected te aate-

rial to the centre of the galaxy through tidal torques, tagathe
central supermassive black hole (SMBH) (di Matteo et al.7300
The discovery of a correlation between the mass of the SMBH
and galaxy mass (Gebhardt etial. 2000), put significant wéigh
hind the idea and provided scope for more comprehensiveiéseo
(Hopkins et al. 2006; Faber etlal. 2007; Somerville &t al.&200

This scenario naturally introduces an expectation of envir
mental dependence, since such formation process invahtes i
actions with neighbouring galaxies and structures. A datien
with environment can arise in two forms. Firstly through thigal
conditions, as these provide the impetus for the formatiothe
first galaxies so that objects in dense environments withfear-
lier than in average or low density regions (Gottlober 2801 ;
Berlind et al.. 2003). Secondly, in higher density region®rac-
tions, mergers, gas stripping, etc, are more likely to taleee
over the lifetime of a galaxy and so galaxies in these environ
ments will be pushed onto the red sequence at earlier tings. C
tainly the fact that red early-type galaxies are prefeadigtfound
in higher density environments (e.g._Dressler 1980; Biaetoal.
2005;| Weinmann et al. 2006), suggests that environments @ay
important role in their evolution. Therefore, looking atveon-
mental differences in the stellar populations of earlyetgalaxies
offers a method by which to constrain their formation.

There has been much work on studies of differences in stel-
lar populations through many different methods; the vammes in
the tight correlations followed by the early-type popuatisuch
as the colour magnitude relation (see e.g. Gallazzilet 2060
and the fundamental plane (see ¢.g. Bernardilét al.l 200B)xyga
colours (see e.@. Blanton et al. 2D05), absorption linecesli(see
e.g.INelan et al. 2005) and the parameters of populatiorheynt
sis modelling (see e.g. Bernardi eilal. 2006; Thomas|et &5R0
In all cases the effect of environment has been shown to e rel
tively weak, if observed at all. Thus we take a different aagh,
choosing a different methodology involving principal camnpnt
analysis on spectral data to identify small differencesvben the
stellar populations of early-type galaxies (Rogers 8t@072, in a
similar style ta Ferreras etlal. (2006), over a range of envirents.

The environment is in most cases quantified through the pro-
jected number density of galaxies, typically the distamcene ri”
nearest neighbour. However it has been argued that morépllys
motivated scales of environment are the mass and the \étals
of the host dark matter halo_(Kauffmann etlal. 2004; Yang et al

suggested that the downsizing observed in elliptical getagan
be modelled by considering a critical mass halo above whash g
cannot be accreted efficiently, being shock heated to the tém-
perature, thus effectively shutting down star formation.

This paper is structured as follows: we describe the sanfple o
early-type galaxies used in this study as well as the detéilee
principal component analysis. We investigate the resfittssoPCA
projections over a range of halo mass and velocity dispersie
highlight the differences observed and investigate theimguthe
stellar population models bf Bruzual & Charlot (2003). Teenple
is finally split into central and satellite galaxies, whoseperties
are compared. The satellite population is then used tordetera
possible dependence on halo-centric radius.

2 THE SAMPLE

This work is based on the large sample of early-type galax-
ies of |[Rogers et al.| (2007). This sample is selected from the
Bernardi et al. |(2006) catalogue, compiled from the Sloag-Di
ital Sky Survey (SDSS, | Yorket/al 2000), Data Release 4
(Adelman-McCarthy et al. 2006). It is a volume-limited sdenp
within z<0.1 andM,- < —21. A cut with respect to signal to noise
ratio (S/N) was also imposed, rejecting those spectra witlx35.

The final sample comprises 7,134 early type galaxies. Herexwe
tend Rogers et al. (2007) to investigate the effect of envirent in
more detail, including the information of the host dark reattalo

for each galaxy, a explained below.

We make use of the Galaxy Groups Catalogue of Yanglet al.
(2007), which is an improved application of the Yang et/aDQf2)
halo-based galaxy group finder to the New York Universityial
Added Catalogue (Blanton et|al. 2005), based on the SloaitaDig
Sky Survey Data Release 4 (York et al 2000). We cross coerelat
this catalogue with the original sample to find halo massesfo
but 175 galaxies, leaving a total of 6,959 galaxies in the semwple
used here. We have also removed a smalli§0) set of galaxies
with velocity dispersions below 125 km/s, as these galagidg
appear in the bin with the lowest halo masses, and have ndareun
parts in more massive halos. Allowing them to be part of theskt
velocity dispersion bin would considerably reduce the ages in
this bin, introducing a bias when compared to other halo emss

The galaxy group finder, describedlin Yang etlal. (2005) and
Yang et al.|(2007), is an iterative process in which the mesitip
of the groups and the relationships between the propertidseo
halo are refined at each step. Initially the group finder usesrads
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Figure 1. Our sample of SDSS early-type galaxies is shown with the two Figure2. The projected radial distance from the luminosity-weightentre

main parameters that are used to characterise the int{welwcity disper- of the group is shown with respect to velocity dispersione Tistance is
sion; o) and environmental (host halo massjiMdependence of the under-  scaled to the virial radius, as determined from the propentif the halo.
lying stellar populations. In the crowded regions of the ffigiwontour lines The grid overlaying the sample shows the binning appliechéanalysis.
track the density of galaxies in the plot. The grid corresfsoto the binning Black dots and error bars correspond to the average and RM®@isof the

applied throughout the paper. The large black dots and barw give the sample within the bins in R.;.
average and RMS within each bin in halo mass.

of each group remains constant. The final dark matter hal® mas

of friends algorithm with small linking lengths to identifiie cen- is then estimated from a linear relationship with respecitédar
tres of possible galaxy group candidates. In such groupsehte mass, derived from semi-analytic models (Kang et al. 2006&
of the halo is given by the luminosity-weighted centre. Téx@ain- galaxy group differentiates between central and satejltexies.
ing isolated galaxies not associated with groups are alsassthe Those galaxies which are the most massive galaxy of the gamip
potential centres of groups. The characteristic lumiyofit g 5) defined as centrals, whereas the remaining galaxies aréelhlbs

of each candidate group is then estimated, where this isetkefin  satellites. Low mass halos can consist of a single, cenaialxy.
as the summation of the luminosity of all group members with Shown in figurdL is the entire sample as a function of host halo
OIM, —5logh < —19.91. The Lyg 5 values are corrected for sur- mass, M, and central velocity dispersiom;, of the individual

vey completeness and the apparent magnitude limit of thegat galaxies. The black dots correspond to the average and RMt®Isc
redshifts z20.09. of the sample, within the halo mass bins shown by the grid.

Using the characteristic luminosity, the mass of the graalp h We can see from the figure that within the lowest halo mass
is estimated from a group mass-to-light ratio. The raticllseset bin (M ~ 10'2h~M,) there is a limitation imposed by the size
at a constant value across all groups for the first iteratiatnis of the halo on the highest sigma galaxy that it can contaiis iEh
subsequently refined to be group mass dependent. Howeseg-th  similar to that seen in the main catalogue in reference tortae-
sults are not particularly sensitive to the exact value ef riditio imum stellar mass (see elg. Yang €t al. 2008). The differbece
even if it is held fixed\(Yang et &l. 2005). The estimate of theug is the non-trival mapping of velocity dispersion to dynaatior

halo mass allows the derivation of other group halo progsuch stellar mass, which is dependent on other factors suchudste.
as the halo radius, within which the halo has an average tyensi However note that since the results presented in this papeoa-
contrast of 180, and the virial radius, defined as the raditisiwv sistent across the range of velocity dispersions congigéne de-
which the average density is above a set value. Once theprope tails of such mapping would be unlikely to affect them. Alse are
ties of the halo have been estimated, a NFW profile is usedhéort  using velocity dispersion as a measure of the intrinsic @rtigs of
dark matter|(Navarro, Frenk & White 1997) to determine ttre¢h the galaxy, which is consistent with many stellar populastudies

dimensional density contrast of the halo in redshift sp&cether in the literature (e.g. Bernardi et|al. 2003; Gallazzi ¢2an5).

galaxies are subsequently assigned to the galaxy groupdeaesl The figure also reveals a shift towards decreasing velo@ty d

if they are within a certain distance of the centre. This pssc— persion at lower halo mass, whereby less massive halos oaggeve

which allows for the merging of two groups if all members sat- contain smaller galaxies. This effect is illustrated by $loéd cir-

isfy the above criteria singularly — is repeated until thewbership cles and error bars in figuré 1 which represent the averagecand
mean square deviation of the velocity dispersion withirhdzin of
halo mass.

1 0.1 )7, is the SDSS-r band magnitude for which K and E corrections are This correlation between mass / luminosity and environment

applied at redshiftz0.1 in terms of halo mass (van den Bosch ef al. 2008a) but also seen
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Figure 3. Left: Distribution in PCA componentg and ¢ of the upper and lower bins in velocity dispersidioftom labelled in km/s) and host halo mass
(top, labelled inlog(M/M)) of the entire sample im and ¢. Right: distribution of the KS statistic (Rs) for the subsamples of the same bins in velocity
dispersion (dashed) and halo mass (long-dashedy {@&ottor) and{ (Top). In order to quantify the statistical significance of thgregation, the result of
drawing subsamples at random over all mass ranges and emérds is shown (solid).

with respect to galaxy density (Blanton etlal. 2005; Crotbale
2005), means that it is important to take into consideratiow
such intrinsic properties change as a function of envirartmieis
well known that the stellar populations of a galaxy are ezlab
its velocity dispersion (Kauffmann etlal. 2004; Thomas £P@05%;
Gallazzi et al. 2005), therefore such a correlation can igeaspu-
rious environmental effects. Hence, in order to carry oubtaust
analysis, it is important to separate out the effects ofrerwnent,
from those that are caused by this selection bias.

To achieve this, we investigate the difference with respect
environment only at the samerange. Our sample is divided into
sub-samples either with respect to halo mass, or velociyedt
sion. This classification is shown as a grid in figlire 1. Theaho
of the grid size is motivated by the density of the underlysagn-
ple, selecting larger bins at high mass.

We also consider the variation in the properties of steltgr-p
ulations with respect to the position of a (satellite) gglawithin
its host halo. The dependence is measured as a function pfdhe
jected distance from the luminosity weighted centre of traupg,
namely the projected halo-centric radiugy.o;. This will allow
us to assess the effect of galaxy accretion in groups on #re st
formation history. We expect galaxies on the outskirts of@up
to be newer members. Hence, these galaxies will be inciglgsin
subject to the various effects of the group environmenth ag
'strangulation’, 'ram-pressure stripping’ and 'harassihevhich
act on the satellite galaxies of the groups (Weinmann!etQfl6 2
van den Bosch et al. 2008a,b). Shown in figlke 2 is the satellit
only sample as a function of projected distance scaled fy. R
Similar studies of satellites have found a radial mass gegan
within groups |(van den Bosch et/al. 2008a), with the leastsivas
galaxies at the outskirts of the group. We find no such trernbimvi
our sample with respect to velocity dispersion.

3 THE STELLAR POPULATIONSOF DIFFERENT
HALO MASSES

Regarding the effect of environment on the stellar popoietiof
elliptical galaxies, it is important to notice that the rejed dif-
ferences have generally been small. For example, studiéiseof
colour-magnitude relation have only found limited andistatally
weak evidence| (Bernardi etlal. 2003; Gallazzi et al. 2008gne
more comprehensive analyses (Clemenslet al. 2006; Bemrtaatii
2006) find difference of the order 1 Gyr. In this paper we op-
timise the extraction of differences from spectroscopitadda
principal component analysis, which has been shown to sdcce
in detecting differences within highly homogeneous saséeg.
Ferreras et al. 2005; Rogers et al. 2007).

31 PCA

Principal Component Analysis (PCA) is a multivariate tege
that reduces the dimensionality of a data set. In most casesst
just used as a data compression algorithm. However, prewouk
(Madgwick et al. 2003; Ferreras etlal. 2006; Rogers et ali pbas
shown that vital information can be extracted from the mtgms
on to the first few principal components. In this work the abtés
that describe the data set are the flux values at each watkeleng
i.e. the spectra. The task of PCA is to generate a set of basis v
tors (the principal components) from the data set, such dhat
can rank these vectors with respect to the variance thewmapt
Hence, when obtaining the “coordinates” of each galaxy oy pr
jecting their spectra on to the principal components, omeuse
just the very few coordinates that correspond to the praiagpm-
ponents with the highest variance./In Rogers et al. (2007finde
that the first two components already hold valuable inforomate-
garding the average age of the stellar populations and gsepce



of recent star formation. We refer the reader to that papea fte-
tailed description of the methodology, although a brief mary is
given below.

The first principal component is found to be consistent with
a typically old stellar population, showing a pronounced)@ib
break, significant metal absorption lines and limited Baltiree
strengths. The second component is much bluer, with abeorpt
lines dominated by the Balmer series. A correlation betwesth
principal components is forced by the orthogonality inher®
PCA. When projecting onto the observed spectra, the conmene
give a relation that represents the mass-metallicity-awyeela-
tion of early-type galaxies (e.q. Bernardi et al. 2003; Therat al.
2005%). The extended scatter in the direction of the secontpoe
nent i.e. with respect to an excess of blue light, is creayegbent
star formation. This issue is confirmed in two ways: 1) thitotlge
application of a two component stellar population modelgereh
we find galaxies with a higher projection onto the second-prin
cipal component require a higher mass fraction in youngsstar
(Rogers et al. 2007, 2009), 2) comparing the results of PCA wi
NUV photometry from GALEX: The NUW-r colour is highly sen-
sitive to small amounts of recent star formation (Schawietkl.
2006; Kaviraj et al. 2007). Within our sample, 'NUV brightélgx-
ies (NUV—r<4.9) present higher projections of the second princi-
pal component, compared to the sample of quiescent, 'NUM fai
galaxies (NUV-r>5.9). This trend between PCA and the presence
of young stars is optimised by rotating the projections anttho
dimensional plane spanned by PC1 and PC2, to give two new com-
ponentsy and(. These two components can be defined as the dis-
tance along the PC1-PC2 correlatiof) @nd the residual of the
correlation (). Even though NUV is more sensitive to the presence
of massive stars than optical spectra, this method is congieary
to NUV studies. An advantage of using optical spectra oveiVNU
photometry is that we can track the presence of recent stawafo
tion for a greater length of time: NUV light decays very rdpids
the most massive stars die out.

In|Rogers et &l. (2007) we compare the PCA projections with
a number of star formation histories combined with popatasyn-
thesis models and conclude thais mainly related to the average
age of the stellar populations, whergasacks the presence of re-
cent star formation (see also Rogers 2009). This interjioatés
carried over to this paper for the analysis of the effectswfren-
ment.

3.2 Stellar Massvs Group Halo Mass

In this section we look into the dependence of the stellap@ries

of elliptical galaxies on both the stellar mass and the méskeo
halo which the galaxy occupies. We utilise the results fra@AP
described above, focusing on how the average propertiekeof t
galaxy (throughn) and the young stellar populations (through
depend on galaxy mass or halo mass. While it is true that@mvir
ment plays a major role on the number density of early-typaxga
ies (i.e. the morphology-density relation, Dressler 198@ye we
pose a different question: “at a fixed how different are the star
formation histories of early-type galaxies with respecetwiron-
ment?”. The left panel of figufd 3 shows the distribution @ finst
and last bins in both velocity dispersiohdttorn) and group halo
mass fop). The comparison reveals that in terms of the mass of
the galaxy (i.e. velocity dispersion), smaller galaxiesehhigher
values of bothy and( indicating a younger age, most likely due
to increased recent star formation, in agreement with therdiz-
ing’ scenariol(Cowie et al. 1996). However the distribusiaf the
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Figure 4. The average of thg and¢ components as a function afwithin
each group halo mass bin, as labelled (givelog(M/M ¢ )). The error bars
correspond to the error on the mean. The small panels belwméin plots
show the standard deviation gfand¢ in each bin. The thin black line is
for reference only and is a least squares fit to the three massire halos.

two extreme bhins regarding environmetagd) show a considerably
smaller divergence in terms of thejror ¢ distributions. Note that
the preliminary results show that those galaxies in the stweass
halos have slightly higher values gfand¢.

The use of a Kolmogorov-Smirnov (KS) test confirms whether
the galaxies in these subsamples originate from the sarrédis
tion. This is quantified in terms of thef3 statistic (a measure of
the maximum difference of the cumulative distributionse eg.
Press et al. 2009). The right panel of figlite 3 shows the refalt
Monte Carlo simulation, where we extract samples of 100xgala
ies from the upper and lower mass bins, and perform the KS test
in each case. This exercise is repeated 10,000 times, arfdsthe
togram of ks is shown when extracting galaxies from the upper
and lower bins in velocity dispersion (short dashed line)host
halo mass (long dashed line) of from random sampling of time-co
plete sample (solid line). Velocity dispersion clearlyysidhe dom-
inant role; its histograms in thegand¢ components are far from the
distribution of random sampling. However, environment -halo
mass — plays a more subtle role, although a non-negligitde est
pecially with respect to the component, which does show less of
an overlap with the distribution for random sampling. Wisetthis
effect is driven by the mass bias mentioned above or whethieai
genuine effect of environment is studied in this paper.

3.3 A detailed look at the[n, (] distributions

Many authors have studied the role of environment on the scal
ing relationships. This includes colours (e.g. Weinmanal c2006;
Kaviraj et al.. 2007), absorption line indices (.9 Kuntsahet al.
2001; Nelan et al. 2005; Bernardi et al. 2006) as well as ddriv
quantities such as luminosity-weighted age, metallicityf jax/Fe
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Figure 5. The fraction of galaxies with g value above 0.5, which is con-
sistent with the presence of recent star formation. Eaehderresponds to
a range of host halo masses, as labelled (givelodtM/M & )). The error
bars are given by Poisson errors.

(Thomas et al. 2005; Clemens el al. 2006). In a similar veaex
tend this analysis to include thgand{ components.

Shown in figurd ¥ are the average values;aind¢ with re-
spect to velocity dispersion, for a range of host halo mas¥asts
corresponding to the same host halo mass range are connEeted
velocity dispersion value for each bin is given by the aver#gref-
erence line is also plotted in the bottom panel. Itis a legisaees fit
to the most massive halos and is shown in all subsequent $igdire
(n) for comparison. The error bars give the uncertainty on therme
values within each bin. The RMS deviation is shown separatel
the base of each panel a&) (top) ando (7).

A clear dependence is found with respect to velocity disper-
sion, such that galaxies with lower valuesoofiave higher compo-
nentsy and¢, revealing the presence of younger stellar populations.
Note that as shown (n Rogers et al. (2007), principal comptmg
and( are not dependent on the velocity dispersion, and so no cor-
rection is needed (in contrast with analyses of equivaledths).

It is important to notice from figurigl 4 that the effect of envi-
ronment is very subtle. In terms ¢f) and in most case,), the
trends of the different host halo mass ranges are indisghghble
from each other. However, galaxies in the least massivesisiow
a consistent and significantly higher value(gj, across all values
of o (although the nature of the trend is the same for all halo mass
bins). Given that the differences are small, the signifiedadeter-
mined through a KS test for thecomponent, performed by com-
paring galaxies in the lowest and the highest host halo lsimsa
all values ofco. In the three central bins of velocity dispersion we
find a probability higher than 99% that the samples are draem f
different distributions. At the highest and lowest bingrdhe small
number of galaxies prevent us from stating a similar result.

Furthermore, figurgl4 also indicates ti{g} does not differ-
entiate with respect to halo mass. This comes as a surpsissea
might have expected that recent star formation is resplafsibthe
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Figure 6. Change in the; component relative to the average relationship
with o via SSP fitting (see text for details). A comparison of thedstv
mass halo (dashed line) to the most massive halos (solijl isnshown
relative to deviations from this relationship due to an @ase/decrease in
the average SSP age acres@otted lines).

higher values ofn). To explore this issue in more detail, we use
the conditional fraction of galaxies with a value(ohbove a thresh-
old at which one needs to invoke recent star formation. Wesho

¢ >0.5, since galaxies above this value both require significan
fractions of young stars in a two-burst model and also hav¥’ NiJ
minosities consistent with recent star formation (Rogésd| 2007,
2009).

In figure[3 we show this conditional fraction as a function of
velocity dispersion for a range of host halo masses. Camtistith
the simple analysis performed above, the main driving foetand
the fraction of galaxies with recent star formation is gglaxass
(assuming is representative of the mass of the galaxy). With re-
spect to halo mass, the fraction of younger galaxies seerplito s
such that there is a consistent lower fraction for the mostsiva
halo bins (black solid line) relative to the rest of the saendlhe
significance of this drop is not high in any one bin but the dren
is notably consistent across all bins. This is a qualithtigamilar
result to that found in_Schawinski et al. (2006) using NUVadat
although here we see that recent star formation persisedas he-
low My < 3 x 10®h~ Mg and is reduced in more massive halos.
The possible mechanisms underlying this effect are disclissthe
conclusions.

3.3.1 Modelling the; component

We now turn to quantifying the difference ify) from figure[4
through the application of stellar population synthesisdais.
Since the change of is not accompanied by a changediror the
fractional change in higlg-galaxies, the shift is unlikely to be re-
lated to recent star formation. Furthermore, this shifteistively
small, which implies composite models, such as an expaabnti



decaying star formation history, may well blur any discriating
effect. Therefore, while the modelling of early-types campibished
beyond relatively simple formation histories (Rogers ¢2a09), it
is more robust in this case to consider simple stellar pajouis.

The observations are compared to synthetic spectra through
the equivalent widths of absorption line indices. The model
spectra are extracted from the simple stellar populatiohs o
Bruzual & Charlat [(2003), using a_Chabrier (2003) initial ssa
function. A detailed grid of models is constructed over agean
of ages{1---14 Gyr} and metallicities—1.0 < log(Z/Zs) <
+0.35, at solar abundance ratios. We constrain the population pa-
rameters with multiple age sensitive absorption featurgs: H,

Hs, as well as the 4300 absorption band (G4300) and the metal-
licity indicator [MgF€ (Gonzalez 2003). The absorption features
are measured in each of the observed galaxy spectra, aftey be
smoothed to the highest velocity dispersion within the eetipe

bin. The equivalent widths (EWs) are estimated using théhaukt
outlined in_Rogers et al. (2009), in which the pseudo-cantin is
determined by a boosted median value of the surrounding- spec
trum. The specific absorption lines are targeted usingﬁa@ﬁh-

dow. We use a standard maximum likelihood method to compare
the observed and model absorption features. The model E&Vs ar
obtained in the same way, smoothing the spectra to the wloci
dispersion considered. For each galaxy we use the protyabili
weighted age and metallicity, where the probability is dedims
P(t,Z) ~ exp’O'E‘AXz, which gives a robust estimate of the SSP
values (e.d. Gallazzi et ial. 2005). The best fits give a rediaver-

age of(x2) = 1.3.

The average age and metallicity from each of the halo mass
and velocity dispersion bins is used to investigate theersfiice
seen in the averaggvalue in an equivalent analysis to that shown
in figurel4. However, we find no significant differences betvee
predicted SSP ages or metallicities with respect to host imelss
across all velocity dispersions. This illustrates the posfé®CA to
identify small differences in the spectra of elliptical geks, which
might be difficult for model-based methods to identify, esSpky
at low S/N. Therefore in order to assess the (second ordeqtef
of environment om), we consider small perturbations with respect
to the (first order) correlation with velocity dispersion.

We define a fiducial relation between velocity dispersion and
age/metallicity through the average parameters of eadieafam-
plete velocity dispersion bins i.e. including all halo messThe
SSP parameters of this relation are then offset with redpettte
average age for each bin in velocity dispersion. The effacthe
n component of this change (computed directly on the modsls) i
estimated and compared to the observed values — definingéor e
galaxy aAn as the difference between thyevalue of the galaxy
and that of the model corresponding to the same velocityedisp
sion. The model values of are derived in the same way as for the
observed values, i.e. via projection onto the principal ponents
followed by a rotation of the projected values. This ratherpte
analysis enables us to quantify the change.ihlotice that we as-
sume only a perturbation in age, as this is by far the most danti
effect reported in the literature (Bernardi et al. 2003; fias et al.
2005 Nelan et al. 2005).

While we are only interested in identifying the magnitude
of the shift of the lowest mass halo, as a check we compare
our relationship of metallicity and age with velocity disgpien
to those found by other authors. We quantify this relatigmsh
through the slope of a linear fit to the fiducial relation, whic
was found to beAlog(Z/Zs)/Alog(c) = 0.68 andA log(Age
/Gyr)/Alog(c) = 0.38 respectively. These values are com-
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Figure 7. Comparison of the distribution of the central and satefjidaxy
populations at the same velocity dispersion, with respeaverage age
({n); bottom) and to recent star formation(¢f > 0.5); top). The short
dashed line is thén) for the lowest mass halo in the whole sample. The
thin solid line in the bottom panel is the reference line friog.

parable to those reported in_Thomas et al. (2005) (0.55,)0.24
Clemens et all (2006)(0.76) and Nelan et al! (2005)(0.53,0.59).
Theo vs. Ay relationship is shown in figuig 6 for the fiducial
model obtained from the best fit SSP ages and metallicitaes (I
belled “Average”). For reference, we also show the relatidren
the age is shifted by 1 or 2 Gyr as labelled. We include in the fig
ure the observed values for the lowest halo mass (dashédliae
for the rest of the sample (thick solid line). The figure shaoineat
early-type galaxies in the lowest density regions are omamee
about 1 Gyr younger than those in denser environments, # resu
that is consistent for a wide range of velocity dispersiohisTe-
sult indicates that galaxies residing in all but the loweasshalos
have similar stellar populations suggesting they are farmesim-
ilar ways at similar redshifts. This may be due to a true iiarare
across average/high density environments, such that aoseain
density the formation process becomes uniform.

3.4 Centralsand Satellites

The star formation histories of galaxies sitting at the czpf the
dark matter halos (centrals) and galaxies which orbit adctine

centre (satellites) are expected to depend in a differeptwith re-

spect to the mass of their host halo. Specifically, sateliire more
likely to be affected by the transformation mechanisms afirey

in the halo environment_(van den Bosch et al. 2008a,b). There
we analyse separately the effects of environment on cerarad
satellites and compare the relative differences.

The comparison of satellite and central early-type gataxie
at the same velocity dispersion is shown in figlire 7. The figure
reveals that central galaxies (solid lines) have higheueglof
(n) (bottom and f¢ > 0.5) (top), indicative of younger aver-
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age ages (Pasquali et lal. 2009b). and significant recerfiostaa-
tion, respectively, when compared to satellites of the samass
(long dashed lines). This is consistent with van den Boselh et
(2008b) and Weinmann etlal. (2009), who found that in terms of
optical colours, centrals are bluer than satellite galii@icating
younger ages. Here we can see this extends to the fractidlipef e
tical galaxies which harbour small amounts of recent stan&tion

as well. However, notice that this trend includes all halsses. In
§3.4.1 we show the effect of separating this central/st¢edlassi-
fication with respect to halo mass.

We have also plotted in the bottom panel of figure 7 the aver-
age value ofy for galaxies in the lowest mass halos (short dashed
line). At the lowest halo masses all galaxies are centrahcege
this comparison allows us to rank the importance of host heles
against the central/satellite nature. The figure showsdh#tese
two properties, the mass of the halo dominates, i.e. centrdbw
mass halos are younger than centrals in general. We focuson t
aspect in the next two sub-sections.

3.4.1 Effect on average age:

The average values of are plotted for the two subgroups in fig-
ure[8. It is evident from the figure that the analysis is congéd

by the segregation imposed naturally by the halo mass onetfte ¢
tral/satellite nature of the galaxy. The sample lacks edgalaxies

in the most massive halos (a limit imposed by the survey velum
On the other hand, at a given velocity dispersion, satelsnnot

be found at low halo masses (a trivial constraint imposedhiay t
halo mass). This means a comparison of the two populatioms ca
only occur within certain ranges of halo mass. Thereforentic:

dle panel of figur&€l8 shows tHe) valuesonly over a range of halo
masses in which a significant number of both centrals and-sate
lite galaxies exist. The top and bottom panels show the akaid
satellite galaxies, respectively, over their full halo meange.

The central galaxiest@p), show an increase in the average
value of(n) at the lowest halo masses. This is identical to the trend
shown in figuré ¥ (notice centrals are the only type in the fiedd
mass bin). The result for more massive halos is consistehtthe
main sample. This suggests again that the effect of halo amette
stellar populations is limited to masses below M 10'2M,. On
the other hand, satellite galaxidsoftom) show an increase ify)
in the group halo mass rangex 10'2 <Mgu < 10'*Mg, which is
the lowest halo mass bin at which significant numbers of lgatel
galaxies exist. The comparison in the middle panel revéalsdt
the overlapping halo mass i.e gV (3 x 1012 ... 10*%)Mg, cen-
trals have much lower values @f). Thus the increase df)) found
in the population of satellite galaxies would have been éiddy
the dominance of centrals in this mass bin.

Given that higher values are consistent with younger aver-
age ages suggests that satellites are in fact younger, whgreced
to central galaxies of the same velocity dispersion and mgog
halos of similar mass (Pasquali etlal. 2009b). A KS test cmsfir
that for this halo mass range, the second and third bimssahthe
centrals and satellites are drawn from different distidng at a
confidence level 0f298% and>99%, respectively. While this is
seemingly in contrast with the previous results, it is intpot to
realise what is being compared in figlife 8. A pure centralellitat
split (as in figurdJ7) will generally result in a comparisonaain-
tral galaxies in low richness environments with satellitekigher
density regions. This is the motivation of the split in mampers,
under the assumption that the centrals of today are a refalsoma:
proximation to the progenitors of the current satellite ydapon,
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Figure 8. (n) values for the central and satellite galaxy population$iwit
each bin in velocity dispersioand halo mass. The central panel compares
central and satellite galaxies over a range of halo massesfoh sufficient
numbers of both types exist. The halo mass range is as follogigen in
log(M /Mg ): grey dashed(11.80,12.15); grey dotted (12.15,12.5@); gr
s0lid(12.50,13.00); black dashed (13.00,13.50); bladked¢13.50,14.00);
black solid(14.00,15.00). The thin solid line shown in ahpls is the ref-
erence line from figl4.

(e.g.84.1lvan den Bosch etlal. (2008b)). Here we are comparing
centrals in groups of significant size, to satellites in &nmgroups.

We find a trend in three out of the four bins considered, alghat

is only found to be statistically significant in two. The effés not
visible at the higher velocity dispersions.

Hence, we find that central galaxies 'evolve’ faster thamra si
ilar galaxy that is accreted onto a group. This probablytesldo
the epochs over which environmental effects are efficieant@l
galaxies within more massive halos will have interactedhwiher
galaxies during the formation of the group and will also haxe
isted inside a more massive halo earlier than a galaxy ofdres
mass which is accreted into a group halo. This result is sensi
tent with the recent work of Bernardi et al. (2009), who fouhalt
early-type brighest cluster galaxies were 1Gyr older than the
surrounding satellite early-type galaxies.

Figure[8 reveals that the satellite galaxies in group hafos o
mass M; ~ 3 x 10'2...10"¥M have values of(n) consis-
tent with those of the central galaxies from halos of mass M
6 x 10 ... 10"Mg. This trend is consistent with the hierarchical
build up of structures expected within the stand&@DM cosmol-

ogy.

3.4.2 Effect on recent star formatioq:

Figure[® shows the fraction of galaxies with valueg @onsistent
with recent star formation, with respect to central/satetature,
in a similar manner to figulg 8. The trends of the individugbypo
lations of centralstpp) and satelliteskotton) are consistent with
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Figure 9. Comparison of the distribution of central and satellite ylafions
with respect to the fraction of galaxies with(avalue above 0.5, which is
consistent with recent star formation. The fraction is é¢towal i.e. calcu-
lated for each bin separately.. The binning with respeciato mass is the
same as in figurgl 8.

those found in the sample as a whole (see fifllire 5). However a

comparison of the fraction of high values between both centrals
and satellitesrfiddle shows a significant difference. The central
galaxy data (triangles) are consistently positioned ahdvidrac-
tions of recent star formation even within the same halo measge.
This might not be particularly surprising: while satekitgenerally
have their accretion of material stopped when they enteh#he,
centrals do not, and so can still accrete gas. This mechasisom-
sistent with the scenario of Kaviraj et al. (2009) and Rogt.
(2009), whereby the recent star formation seen in elliptiedax-
ies is fuelled by the accretion of small clouds of gas or §tds)

3.5 Effectswith Halo-Centric Radius

Since there is evidence to suggest that the younger low hags m
galaxies are accreted as satellites, we might expect tomewgr
galaxies on the outskirts of groups. There is also the pitisgithat

the halo-centric radius modulates the efficiency of envitental
mechanisms. We investigate this aspect by looking at tlatioal
ship of n and ¢ as a function of the projected distance from the
luminosity weighted centre of the group.

Shown in the right hand panel of figufe]10 are the satel-
lite galaxies split into subsamples according to velocitypdr-
sion and halo centric radius, (see fi§j. 2), against the aeeval
ues ofn for each bin. Since we are looking at galaxies across
all group halo masses, the projected distance is scaled tisen
virial radius of the occupied halo. As found by previous w(elg.
van den Bosch et dl. 2008a; Weinmann et al. 2009) there isgao si
nificant trend. There is some indication that a reductiomédcat-
ter (bottom panel) of the values is seen for decreasing radii, al-
though the effect is obviously far from robust. We note thmas t
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analysis is complicated both due to the degenerate natutieeof
projected distance as well as to the fact that smaller halod to
be more concentrated. These effects are likely to blur titiesu
relationships associated with elliptical galaxies andremment.

We also analyse in the left hand panel of figuré 10 the condi-
tional fractions of galaxies which have> 0.5 as a function of the
scaled projected distance from the luminosity weightedreein
inspection of the figure indicates a general trend of inéngare-
cent star formation fractions with projected radius, cstesit with
the previous comparison of centrals and satellites. Tliygpétg of
a satellite surrounding gas may well explain both the trezehs
here and in figurE]9. Note that the recent star formation ifvast
seen at the outskirts of the groups are higher than thoshdayen-
eral satellite sample at the same stellar mass. This isstensiwith
the results seen in Ferreras et al. (2006); Rogers et al7j2aad
Rogers et al! (2009), where we show that galaxies in medium de
sity environments show increased fractions of recent standition
possibly due to interactions. The large error bars are aifumof
the small numbers which exist away from the group centraghge
trend is consistent across all mass bins.

To conclude, we find that the effects with halo centric disean
are seen mainly in terms gfi.e. younger subpopulations. As a re-
sult of being accreted into the halo an elliptical galaxy thvélve any
residual star formation halted. On the other hand, we fintlttie
average age of the bulk of the stellar component does nondepe
on the distance from the centre of the halo. This is to be @rgaf;
as argued by van den Bosch et al. (2008a), a large fracticarlyfe
type galaxies transition onto the red sequence as cenitragay
be that the main effects expected are better analysed veilitmter
samples (e.g. Nelan etlal. 2005).

4 DISCUSSION AND CONCLUSIONS

Using the large~7,000 strong sample of early-type galaxies de-
scribed in_Rogers et al. (2007) we have investigated thesteffe
environment, measured through the mass of the dark matier ha
that hosts each galaxy. We make use of the previously def@l
rotated projections; and(, sensitive to the average properties and
recent star formation, respectively, to identify smalfatiénces in
their stellar populations. We find that the star formatiostdries
are mainly a function of velocity dispersion. This is showrfig-
ure[3 where a considerable difference is evident betweesflbets

of velocity dispersion and group halo mass. When we sepatdte
the sample to remove the mass-environment degeneracyettse s
populations across most of the halos are indistinguishatbiere-
fore, while the majority of this paper has focused on the Edil
ferences observed in the elliptical galaxy population niaén con-
clusion is that the effect of environment on the stellar patons

of early-type galaxies iextremely limited However, we do find
that small but nonetheless interesting differences canebected
with respect to environment.

First of all, galaxies within halos with the lowest masses ar
estimated to be-1 Gyr younger than those in the rest of the sam-
ple. This offset is consistent with the fact that galaxiedaw
mass halos are exclusively centrals. Thus, they reprelsembwer
end of the environmental density scale and so our result acesp
favourably with the general view that galaxies in low densé-
gions are 12 Gyr younger [(Bernardi et al. 1998; Thomas et al.
2005%; Bernardi et al. 2006; Sanchez-Blazguez it al.| 2006)

We use in this paper a catalogue of groups to estimate the
dark matter halo masses, allowing us to compare more nitural
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Figure 10. Then and¢ components for the satellite subsample are shown as adanetidistance from the luminosity weighted centre of theagglgroup,
where the distance is scaled using R (Left.) The main panel shows the averagper bin in R,.;/Ryi:, Where adjoined points correspond to the same range in
velocity dispersion (labelled in km/s). The smaller paredbly shows the standard deviation within each biight) Fraction of galaxies with g value above

0.5 (i.e. those with signatures of recent star formatiohp fraction is computed within each bin separately. Therdrags are the fractional Poisson errors.

with theoretical modelling results. One of the more recéstal/-
eries is that many observations (e.g. Binney 2004; Crota et
2005%;| Dekel & Birnboirn 2006; Cattaneo et al. 2008) can be well
explained by assuming a critical halo mass above which thplgu

of cold gas is stopped by virial shock heating (Birnboim & Bek
2003; Keres et al. 2005; Dekel & Birnbalm 2006). The criticalo
mass is found to be M ~ 10'*M. Modelling byl Cattaneo et al.
(2008) show that galaxies above and below this value aréstens
with the analysis of Thomas etlal. (2005) with respect toxgatain
high/low density regions (see Cattaneo et al. figure 6).dbssible
that we see this divide more explicitly here, since the ldviredo

bin of this sample is the only one to contain galaxies in hb&ew

or close to the critical mass halo considered here. Our sagipts

a consistent-1 Gyr age difference between galaxies in halos with
masses above and below this critical mass. We do not find a grad
ual trend from the lowest mass halo upwards, a result thatbmay
caused by a combination of effects. The limited timescalevof
lutionary signatures on the optical spectra (Harker etG062 and
the importance of the individual galaxy mass and the natfiteeo
group build up or the low quality of the data, may mean that the
difference in SFH is only visible in the lowest halo mass vetttie
effect is strongest.

We also observe a decrease of recent star formation in thé sat
lite population as a whole, as well as with decreasing hatdrice
radius, suggesting that such process works across all hadsen
although with differing efficiency.

We also investigated the differing effects of environment o
the population of central and satellite galaxies. Thesexigs are
dominant in low and high mass halos, respectively, whichligsp
a limited overlap on the parameter space spanned hyakt o.

In the range of halo mass over which a comparison is possible,
the two populations were found to have similar stellar papohs

at high velocity dispersiono( >200 km/s). However, at lower
values {50 km/s < o < 200 km/s),(n) is higher for satellite
galaxies, as expected for younger ages. Hence, the stelar p
lations of central galaxies were formed earlier. Environtakef-
fects preferentially act on satellites whereas centrabdges mainly
move onto the red sequence as the result of a merger or when its
halo mass surpasses the critical mass of Dekel & Birnboirg?0
Central galaxies generally sit at the peaks of the dark mdée-

sity distribution |(Berlind et al. 2003). In halos with massiM-

3 x 10"®h~'Mg, centrals are within groups containing significant
numbers of additional (satellite) galaxies. Thereforeytare likely

The average age is not the only parameter that varies acrossto have been subject to a higher level of interactions aiszditnes

the sample. The fraction of galaxies with a high value d¢ton-
sistent with recent star formation) is higher in the four éstvmass
halos. The reason for the drop aboverM- 3 x 103" *Mg is
not entirely obvious. However, we note that this is the saale h
mass at which a decline is observed in the optical AGN popu-
lation (Gilmour et all 2007; Pasquali et al. 2009), possiiing
way to radio-mode AGN. We also note that gas stripping prseEes
are more effective in more massive halos. The modellingtesti
Simha et al.[(2009) indicate that satellites of medium amndrass
i.e. those containing the majority of the recent star foramathave
their accretion stopped efficiently at halo massas M 10 M.

and possibly had gas heated by infalling material and datell
(Khochfar & Ostriken 2008). Furthermore, if we assume thme t
central galaxy is the core member of the group, we would éxpec
these galaxies to have crossed the threshold of Dekel & Binnb
(2006) earlier than a similar satellite, which would havereac-
creted later. This would imply that at leasimesatellites will have
become ellipticals after being accreted onto the grougtitrg the
lower mean ages. Therefore, we have the emerging pictute tha
while central galaxies are quenched on average at earfiestihey
retain or accrete small amounts of gas with which to form gmal
amounts of stars.
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