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ABSTRACT

Using a statistically representative sample of 911 cemjaddxies (CENs) from the SDSS
DR4 Group Catalogue, we study how the structure (shape aejicfithe first rank (by stellar
mass) group and cluster members depends on (1) galaxy stelkes ga:), (2) the global
environment defined by the dark matter halo mads.(,) of the host group, and (3) the lo-
cal environment defined by their special halo-centric pasitWe establish a GALFIT-based
pipeline for 2D Sérsic fitting of SDSS data to measure thsiSéndex,n, and half-light ra-
dius, 59, fromr-band galaxy images. Through tests with simulated and neafjé data, we
demonstrate that our pipeline can recover galaxy proastithout significant bias. We also
find that uncertainties in the background sky level traesiiatio a strong covariance between
the total magnitude, the half-light radius, and the Séruiex, especially for bright/massive
galaxies. We apply our pipeline to the CEN sample and findttfeSeérsic index of CENs
depends strongly oMl .., but only weakly or not at all o€y, ,1,. Then-Mg;., relation holds
for CENs over the full range of halo masses that we considessimassive CENs tend to be
disk-like and high-mass systems are typically spheroidi$ & considerable scatter nat

all galaxy masses. Similarly, CEN sizes depend on galadiastaass and luminosity, with
early and late-type galaxies exhibiting different slopmsiie size-luminositys;o-L) and the
size-stellar mass-{y-Mg;.;) Scaling relations. Moreover, to test the impact of localieim-
ment on CENs, we compare the structure of CENs with that ofparable satellite galaxies
(SAT). We find that low mass<{ 101°-7>h=2M,) SATs have somewhat larger median Sérsic
indices compared with CENs of a similar stellar mass. Alew; inass, late-type SATs are
moderately smaller in size than late-type CENs of the samllasimass. However, we find
no size differences between early-type CENs and SATarsiructural differencebetween
CENSs and SATs when they ameatched in both optical colour and stellar ma$ie similarity

in the structure of massive SATs and CENs demonstrateshisadlistinction has no signif-
icant impact on the structure of spheroids. We concludelthat, is the most fundamental
property determining the basic structural shape and siaggalaxy. In contrast, the lack of a
significantn-My,,), relation rules out a clear distinct group mass for produsptteroids, and
the morphological transformation processes that prodplcersids must occur at the centres
of groups spanning a wide range of masses.

Key words: galaxies: clusters: general — galaxies: evolution — galsoformation — galax-
ies: fundamental parameters — galaxies: structure.

1 INTRODUCTION

Understanding the role that environment plays in shapiegrbr-
phology of galaxies remains an important challenge in theysof
galaxy formation and evolution. In the standard galaxy fation

+ Current address: Department of Physics, University of MissKansas and evolution paradigm, all galaxies started as star-fognaiisks
City, Kansas City, Missouri 64110, USA at the centres of small dark matter (DM) haloes. Subsequergrh
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chical evolution has transformed galaxies into spheraigsdduce
the bimodality observed in the present-day populationed To
the strong colour bimodality are differences in morpholagd re-
lated galactic structure. Blue star-forming galaxies tenie disk-
dominated with exponential radial light profiles (late-¢gp, while
red non-star-forming systems have spheroidal mass dititiis
with steeper light profiles (early-types). Many observasisuggest
that there may be an environmental component to differeirces
galaxy properties; e.g., dependence of morphology (e.igsder
1980; Goto et al. 2003; Mcintosh et al. 2004; Blanton et a05)0
and star formation related properties (e.g., Hashimotd 41998;
Balogh et al. 2004} Kauffmann etlal. 2004) to local galaxy-den
sity. Presumably, the physical processes that have brgieteDM
haloes housing groups and clusters of galaxies must bensigp®
at some level for the observed evolution of the two primargga
populations.

The latest theoretical models of galaxy evolution invoke th
transformation of blue disks into red spheroids within ardmie
chical framework to explain the factor of two growth obse&tve
in the early-type galaxy (ETG) population sinee = 1 (e.g.,
Bell et al. 2004; Blanton 2006; Borch etlal. 2006; Faber 2607 ;
Brown et al.l 2007). It is usually assumed that to successfel
produce the galaxy bimodality requires physical mechasitmt
both transform star formation and morphologyvariety of galaxy
transformation scenarios can be found in the literatureyynad
which are predicted to be important only in particular eomir
ments. Yet, recent advances in understanding bimodalitg Fa
cused on environmental processes that mostly impact staafo
tion. For example, van den Bosch et al. (2008) successfatiyah-
strate that quenching is important for producing reddeaxjab
over a range of different environments, but a clear pictdinetat
governs morphological bimodality is still lacking and caversial.
To shed light on whether a special environment exists fotrtires-
formation of galaxy morphology, we study the shapes andote
a representative sample of central galaxies from galaxypgand
clusters in the Sloan Digital Sky Survey (SDSS, York et aD(®0
Quantifying the structural properties of galaxies, sucthassteep-
ness of the light profile shape, provides a direct means t®sass
morphological transformation.

If all galaxies started as small disks, then the simple eris
of spheroidal systems makes it clear that morphologicaisfa-
mation occurs. The transformation from late to early-typkagies
may occur in one traumatic event or be the result of multipte p
cesses over billions of years. There is no shortage of tkieate
predictions for the creation of ETGs, from violent galaxalaxy
mergers to the slow fading of disks. Generally speaking etimty
type population includes a range of spheroid-dominatecphuao-
gies with and without a disk component (e.g., ellipticagnticu-
lars, and bulge-dominated spiral galaxies). Thus, it isljikhat
more than one physical mechanism is responsible for thetyari
among ETGs. Narrowing down the processes that are mostrrespo
sible for turning disks into spheroids remains a criticalgai of the
galaxy evolution puzzle. In this paper, we approach thidbiem
by testing whether or not there is a specific environment w/izer
strong morphological transition takes place that can tleetida to
a particular process.

There are several morphologically-altering mechanisnas th
are predicted to be effective mainly in the high-densityiems
of massive groups and clusters. Harassment, the cumukftaet
of many high speed encounters with satellite galaxies (Kebval.
1996), is predicted to occur primarily in groups and clustaiter
a satellite galaxy is accreted, and may transform a diskcgaifeio

a more early-type morphology by heating and 'puffing up’ tiekd
component. Tidal stripping, the effect of the tidal forcdfated
by a satellite along its orbit, may transform a satelliteagglinto a
spheroid by removing its disk, and it may be effective in balover
alarge mass range. Since the above two processes changsltre s
mass of a galaxy by at most a factor of two, if they are res|msi
for the morphological transformation one would expect ®satel-
lites with statistically significant differences in theionphological
and structural properties compared with centrals of a ainsilellar
mass. However, van den Bosch et al. (2008) land Weinmann et al.
(2008) find that satellite galaxies are only marginally mowacen-
trated than central galaxies with same stellar mass, whighests
that satellite galaxies only undergo a minor change in thrir-
phology after they fall into a massive cluster, and that theve two
processes may not be sufficient to explaining their majorpinor
logical transformation. It is important to note that thesecgsses
basically produce early types by diminishing the disk dtrce of
later-type spirals; i.e., these mechanisms may produc8aSesrly
types, but they do not create massive spheroids or elligiedax-
ies.

Besides the aforementioned cluster-specific mechanisats th
appear to have only minor impact on the morphologies of satel
lite galaxies, numerical simulations demonstrate thatiibeger of
two disk galaxies with similar masses produces a spherdakga
(e.g., . Toomre 1977 Barnes & Hernquist 1996; Naab & Burkert
2003;/ Cox et al. 2006) and, hence, are likely an importanthmec
anism for the formation of spheroids and ellipticals. Majoerg-
ers are believed to be efficient in group-size haloes and gupe
pressed in more massive haloes because of the increasfag dif
ences in the relative velocities between member galaxi@es- co
pared to their own internal velocity dispersions. It hasgldreen
assumed that the smaller velocity dispersions found inxgala
groups allow more galaxy interactions (Cavaliere €t al.Z)98lso
the orbital decay timescale is shorter in lower-mass hafeas
Cooray & Milosavljevic| 2005). However, Mcintosh et al. (&)
find that major mergers among massive galaxies occurs aethe c
tres of clusters, as well as large groups, yet this merelyesak
bigger spheroids from smaller spheroids. Moreaver, Hapkiral.
(2008) also show, using theoretical arguments, that thesireas
central galaxies of clusters still have a large chance t@enwith
their satellites. These findings highlight once again thenogues-
tion of which environment or halo mass is ideal for transfiogn
disks into spheroids. It appears that major mergers pretiaily
happen between central and satellite galaxies; theretoeegxis-
tence of a special halo mass for major morphological transde
tions such as mergers might manifest itself as a noticedtalage
in the morphological distribution of central galaxies atsospe-
cific halo mass. We already know that central galaxies liimg
small haloes have disk-like shapes with low concentrataomsflat
light profiles while those in large haloes have spheroid-6kapes
with high concentrations and steep light profiles. A carefutly of
the distribution of structural properties in haloes spagra range
in mass will help shed light on this open question.

Our analysis is based on two quantitative measures of galac-
tic structure, the Seérsic index and the size, which arectlyre
related to galaxy morphology. The measurement of galaxyt lig
profile shapes and sizes has a long history (Shaw & Gilmore
1989; |Byun & Freeman 19095; de Jorig 1996; Simard 1998;
Khosroshahi et al. 2000, and references therein) and thelajev
ment of automatic routines to handle the huge number of galax
ies from modern surveys is well-motivated. In this work, we d
velop a powerful pipeline for applying a well-tested and ylap
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software package for two-dimensional (2D) galaxy imagénftt
(GALFIT, [Peng et al. 2002) to SDSSband data. We fit a Sérsic
model (Sérsic 1968) to the images of galaxies and use ttscHe-
dex,n, and half-light radiusrso, of the best fit models to describe
the shapes and sizes of galaxies, respectively. A well-knget
often overlooked, issue in profile fitting is the critical siivity to
the estimate of the background sky level (MacArthur et aQ30
We explore this issue in detail and discuss its impact on tifyan
ing the structure of galaxies, in particular that of highs:aentral
galaxies.

Structural Properties of Central Galaxies 3

The details of the group finder used to construct the DR4 ver-
sion of the group catalogue are given_in Yang etlal. (20057200
Briefly, the group finder starts with a friends-of-friend<OfF) al-
gorithm using a restrictively small linking length to defipeten-
tial groups and their centres in a galaxy redshift surveyoégh
group mass is estimated from the total group luminosityyaasg
a mass-to-light ratihy From the group mass, the group-finder uses
an adaptive filter to iterate on the virial search paramefers-
jected radius and velocity dispersion), which in turn aredu® se-
lect group members in redshift space. This method is itdnaigil

In this paper, we try to answer two questions about the en- the group members converge. This algorithm has been thbipug

vironment of morphological transformation: (1) is thereraical
DM halo mass where central galaxies are transformed froea lat
type to early-type? (2) is the central position in groups elndters

a special place for determining the structure of galaxiesviBus
work arguing whether galaxy morphology (elg., Dressler@) %8
star formation (e.g., van der Wel 2008) depends more cilifioa
environment employ local galaxy density measurements dtet
less natural and less physically meaningful than the haksraad
the location within a host halo_(Weinmann etlal. 2006). Heee w

tested with mock galaxy redshift surveys and is shown to beemo
successful than conventional FOF finders. The average ebeapl
ness of individual groups in terms of membership-i90 percent,
with only ~ 20 percent contamination from interlopers. The halo
mass of each group is estimated using two methods: (1) thégan
of its total characteristic luminosity and (2) the rankirfgts total
characteristic stellar mass. As shown in Y07, both methaogeea
very well with each other, with a scatter of 0.1 dex (0.05 daxpw
(high) halo masses. In this paper, we use the halo mass fedlarst

use the SDSS DR4 Group Catalogue of Yang =t al. (2007), which mass ranking. Finally, owing to the< 17.7 (extinction-corrected)

provides statistical measures of the host halo mass (ghoivédon-
ment) and the halo-centric position (local environment)S®SS
galaxies. We study the quantitative structure of galaxiesd at the
presumed dynamical centres of DM haloes spanning nearde thr
orders of magnitude in mass. In hierarchical models of gafax
mation, all galaxies begin as the central galaxy in a sma#&r and
then become satellite galaxies if the small halo merges avittg-
ger one. Therefore, comparing the structural propertiesnfrals
and satellites can shed light on the evolution of galacticphol-

magnitude limit of the Main sample, the minimuyi, .;, for which

the group selection is complete changes with redshift. dfoee,

we limit our analysis to groups with < 0.08, which are detected
with high completeness down ﬂOg(Mha]o/h’lM@) = 11.78,
allowing us to study galaxies from small groups with good gma
resolution.

The spectroscopic completeness of the sample used to deter-

mine galaxy groups plays a crucial role in identifying CEQsving

to fibre collisions, the Main sample misses about 8 perce8D8S

ogy and its dependence on environment, and help answer @&heth galaxies meeting the spectroscopic targeting criteriar{f®in et al.

central galaxies are a distinct population with unique fation his-
tories.

In 20 we present our sample selection.gBiwe present and
test our fitting pipeline and show the sensitivity of the fitstihe
background sky level. We present the results of our fits tactre

2003). This effect is severe in regions of high galaxy nundeer-
sity (Hogg et all 2004), such as in large groups and clustérs.
Y07 group catalogue contains three samples that addresthi
completeness differently. Each sample spans the redsiniffer of
0.01 < z < 0.20. Sample | contains 362356 Main galaxies. Sam-

tral galaxies irff4], both their Sérsic indices and sizes, and compare ple Il includes 7091 additional galaxies with spectroscopgid-

them to satellite galaxies. We summarise our main conahssio

shifts measured from other surveys (e.g., 2dF, Colless|208ll).

g5. We also include an appendix where we compare our fits tethos Sample Il adds 38672 galaxies missing redshifts due to -fibre

of the NYU-VAGC (Blanton et al. 2005). Throughout we adopt a
flat ACDM cosmology with2,, = 0.3, Qx = 0.7 and use the
Hubble constant in terms &f = Hy/100km s~ Mpc™?.

2 SAMPLE SELECTION
2.1 Central Galaxy Sample from SDSS Group Catalog

To study the structural properties of central galaxies (€EN

collisions, which are assigned a redshift based on theireséa
neighbour. For the three samples, the group finder deted&220
204813 and 205846 groups, respectively.

Note that the fibre-collision correction applied to sample |
may transfer some CENSs in sample Il to satellite galaxieam-s
ple 1l and vice versa. For our selection, we choose only)geta
identified as CENs in both sample Il and sample Ill. Thesexieda
are guaranteed to be CENSs regardless of whether the fibiisi@ol
correction was applied or not. In addition, we use Mg, of

in groups and clusters, we use the SDSS galaxy group cata-these CENs drawn from sample Il. Our analysis (discussé@)in

logue of. Yang et al.l (2007, hereafter YO7). This catalogueois-
structed using the New York University Value-Added Galaxy
Catalog (NYU-VAGC,| Blanton et al. 2005) reprocessing of the
spectroscopic 'Main’ selectionl_(Strauss etal. 2002) frone t

fourth data release of Sloan Digital Sky Survey (SDSS DR4,

Adelman-McCarthy et al. 2006). The NYU-VAGC provides im-
proved reductions and additional galaxy property measentsn
The group catalogue provides two physically motivated mess
of environment for each galaxy: (i) the dark matter halo ndsts
host group ¥na10), and (ii) its distance to the central (i.e, highest
stellar mass) group member of the group. Here we briefly descr
the group catalogue and we discuss its redshift completeame#
relates to our final selection of a representative sampleEtN<C

© 2008 RAS, MNRASDOO, [TH22

is based on a CPU-intensive galaxy image fitting routines,thu
construct a representative sample we randomly select CENs f
halo mass bins spanning the full range of groups inzthe 0.08
volume-limited sample. Fdbg(Mnaio/h ™' Mg) = [12.0 : 14.0],
we randomly select 100 CENs from eight bins of 0.25 dex width.
higher halo masses the number of groups decreases rahigyta
maintain good statistics we select 100 CENs from the [14.6]1
bin, and use all 11 CENSs in groups wittg(Mya1,/h™ ' Mg) >

1 The resulting group catalogue is insensitive to the indisgumption re-
garding the M/L ratios.
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Figure 1. The colourMstar andMsiar-Mpa, distributions of our selected CEN sample (black circle®ni@urs show the distribution of all < 0.08 CENs
from the SDSS DR4 group catalogue. Contours with differefdurs connect bins with same number of galaxies as labdéflach bin has a width of 0.03 in
colour and 0.05 dex iMstar in theleft panel, and a width of 0.05 dex Mt and 0.06 dex ifMy, 1, in theright panel.

14.5. The total number of CENSs in our representative sample is
911.

In Figure[1, we plot the stellar masbi{:.,) distributions of
our CEN sample as a function of galaxy colour and halo mass. Fo
each galaxy, the NYU-VAGC provides the Petrosfah(g — )
colour, K+E corrected te = 0.1 (see Y07 for details), and we es-
timate Mg, USing the colour-derived M/L from Bell et al. (2003).
As shown in FigurEll, our representative CEN selection sesithe
sameMsar, Mpalo and®* (g —r) space as all CENs with < 0.08
in the group catalogue (shown by the contours). We note thiat o
selection of CENs spans a wide rangé\df; ., running from10°-#
to 10'"h~2M. Owing to the exponentially decreasing number
density of high-mass haloes and tig;a,-Mhnaio relation of CENs
(Fig.1, right panel), our selection of a constant numberrofigs
per Mpa1o bin results in a CEN sample that is heavily-weighted
towards higher stellar masses and redder colours.

2.2 Matched Satellite Galaxy Samples

In addition to studying the structural properties of CEN® w
also want to investigate whether their central position iougs

or clusters produces a distinctive structural differenaam<
pared to non-CEN galaxies. Following a similar method as in
van den Bosch et al. (2008), we construct two control sampies
satellite (SAT) galaxies, one to match CENSs in stellar madyg, o
and the other to match in both stellar mass and colour. Fdr eac
CEN in our sample, we first randomly select from all SATs with
z < 0.08 a similar-mass counterpart withMg:., within £0.08
dex, hereafter the SAT sample S1. We next find SATs likewise
again matched to CENSs iNl:ar, but further restricted to match
their colour withinA®! (g — ) = 40.03, hereafter the SAT sam-
ple S2. Once a SAT is matched to a CEN, we remove it from the
pool so that there is no duplication in each SAT sample. Thelma
ing criteria are equal to the measurement uncertaintigseastellar

mass and the colour (Bell et/al. 2003), and using a matchiiey cr
ria with either a smalleA Mo, or A% (g — ) will greatly reduce

the number of matched SATs, especially towards the maseie e
because we use a volume-limited sample and don’t allow cafgli
matches. For CENs withog(Mnaio/h™'Mg) < 11.0 we find a
matched SAT using the above criteria more than 90 perceffiteof t
time. At higher masseddg(Mpaio/h™'"Mg) > 11.3), SATS be-
come rare and the fraction of massive CENs with a matched SAT
rapidly drops to less than 10 percent. Hence, we achieve S&F s
ples of 769 (S1) and 746 (S2) matches.

In Figure[2, we plot the stellar mass and colour comparisons
for our CEN-SAT matched samples as a function of CEN stellar
mass. There is a slight bias in that SATs in both sample S1 and S
are less massive than their counterpart CENs with a medfan di
ference (SAT - CEN) of -0.01 dex, and SATs in S1 are obviously
redder than their counterpart CENs. The difference of aofou
the SAT sample Sagwer rightpanel) is also small, with an almost
zero median for low massog(Mstar /h?Mg) < 10.5) SAT-CEN
pairs and a median of 0.005 for massiVeg(Msta: /h~>Mg) >
10.7) pairs. In thdower leftpanel we see an obvious difference be-
tween the colour of SAT-CEN pairs in SAT sample S1, with a me-
dian difference of 0.03 for massivéof(Mstar /b 2Mg > 10.7)
pairs and 0.3 for low massog(Mstar /h™>Mp) < 10.3) pairs.

To evaluate whether the above biases are statisticallyfsign
icant or not, we match our CEN sample with mock samples cre-
ated from itself with random changes df.:., and colour accord-
ing to the measurement uncertainties. The match is donethgth
same criteria used for constructing the SAT sample S2 and re-
peated 20 times to produce a distribution of mediang&\ds;ar
andA%! (g — r) perMg;a, bin between the CEN sample and mock
samples. We plot the results in Figlile 2 with circles andrbens
showing the mean ands3deviation respectively. We can see that
the biases of our real CEN-SAT matches are withindgviations
of the self-matching results, except in tlwsver left panel, where

© 2008 RAS, MNRASD00,[TH22
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Figure 2. The difference oMstar (Upperpanels) and colouldwer panels) between matched CENs and SATs as a function of IEN,. Theleft column
shows the differences for the SAT sample S1, which is matetitdour CEN sample only in stellar mass, while tfight column shows the SAT sample S2,
which is matched with our CEN sample in both stellar mass atalic. The solid line in each panel shows the median of tHerdifice for each 0.25 dex wide
Mstar bin. For comparison, circles with errorbars show the meah3andeviation of the biases in each mass bin from matching the €&thple to 20 mock
samples created from itself with random changes accordimgeiasurement uncertainties (see text for details).

the bias atog(Mstar /h™2M) < 11 are much larger than thes3 sample, while the SATs from sample S1 are only matchéddn,

deviations. This result suggests that Me.., and colour distribu- and have a systematic redder colour than the CEN sample.

tions of our SAT samples are not significantly different freme

distributions of our CEN sample, except for the case of aoiou

our SAT sample S1, where we find that SATs are redder than their

CEN counterparts &@s van den Bosch etlal. (2008) finds. However 3 MEASURING THE STRUCTURE OF GALAXIES

the colour difference between low mass CENs and SATs in sampl ) ) ) ) ] )

S1 (A% (g — r) ~ 0.3) is larger than the average difference of The primary aim of this paper is to quantify the structuraigarties

0.1 in the same stellar mass region found by van den BoscH et al. f CENS. In particular, we measure the shape and size of e 2-

(2008). The reason for this disagreement could be the sraaitn  lUminosity profile of each galaxy using GALFIT (Peng et al0Z)

ber statistics in our SAT sample. We conclude that the SAGis fr This code fits a parametric model to the surface brightnesgeof

sample S2 s effectively matchedN.. and colour with our CEN @ galaxy image and outputs a set of best-fitting parametersout
analysis we adopt the Sérsic (1968) model to describe tHacsu

© 2008 RAS, MNRASDOO, [TH22
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brightness at radius of a galaxy,2(r) = See~tn1(7/rs0)/" =11,

whererso is the half-light radius of a galaxy.. is the surface
brightness atrso, n is the Sérsic index, and,, is coupled to
n such that half of the total flux of a galaxy is withiryo (for
0.5 < n < 10, b, = 2n — 0.327). In addition torso and n,
GALFIT outputs the best-fitting total magnituda;., axis ratio
b/a, and position anglé. The Sérsic profile is routinely used for
galaxy structure analysis to provide the half-light radiumsl the
Sérsic index measures the galactic light profile shape; e.g 4

is the de Vaucouleurg*'/* profile andn = 1 is the exponential
disk profile. We choose GALFIT as our fitting tool because it ca
simultaneously fit Sérsic profiles to several galaxies ia ionage,
which is advantageous for galaxies in dense environmeritsrev
galaxies have a high chance to be overlapping with one oitmer.
what follows, we outline our image fitting pipeline, test itlvsim-
ulated galaxies, discuss technical issues, and estimateffiacts
that background sky estimation has on parameter unceesint

3.1 The Galaxy Fitting Pipeline: Modified GALAPAGOS

To run GALFIT on each galaxy in our sample, we require a pastag
stamp image with an appropriate size to measure structretos

full extent of an object, the point spread function (PSR, ittitial
guess for the fitting parameters, and an estimate of the bawkd

sky level. In our pipeline, we start from the fully-proced<@DSS
imaging frames, which have a size2if48 x 1042 pixels. We em-
ploy GALAPAGOS (Barden in prep.) to process the whole image
frame and to provide the needed information to GALFIT. GALA-
PAGOS was originally designed to facilitate fitting largdagy
data sets based on HST/ACS images. We have modified this rou-
tine to work on SDSS images. In brief, GALAPAGOS takes the
following steps: (1) it detects neighbouring sources aratipces
image masks; (2) it cuts out postage stamps for detectedesjur
(3) it prepares an input file for GALFIT; and (4) it estimatesdl
sky values for target galaxies. We outline the details of¢hsteps
below.

Source Detection and Initial Fit Parameter Guesség&e use
SExtractor |(Bertin & Arnouts 1996) to detect and mask nearby
companion sources in the SDSS image of each galaxy that we de
sire to fit, and to provide initial fit parameter guesses far phi-
mary galaxy and any close neighbours that will be simultasiso
fit. SExtractor provides useful estimates of galaxy propsitmag-
nitude, size, axis ratio, position angle) for calculatihg tnitial
guesses for the GALFIT parameters. A set of configuratioarpar
eters defines how SExtractor detects sources. After tuniadind
that for SDSSr-band images the following configuration works
best: DETECTMINAREA=25, DETECT.THRESH=3.0 and DE-
BLEND_MINCONT=0.003. This configuration provides a good
trade off between detecting and deblending most bright and e
tended sources without artificially deblending galaxieghwtrong
substructures into multiple sources. Since our goal isudysibright
galaxies in groups or clusters, we keep this configuratioalto
low a high success rate on bright galaxies. To distinguishtiadr
companions are stars or galaxies, all sources with SErtréleig
STAR CLASS<0.9 are classified as galaxies. However, a small
fraction of sources may be misclassified using this criterend
we will discuss the effect of this misclassification on outirfg re-
sults in§3.3.

Postage Stamp ImageGALAPAGOS produces a rectangular
postage stamp centred on each galaxy of interest. The pugfos
postage stamps is to reduce the CPU time for fitting one galdogy

postage stamps are cut to a size that is large enough to ghatire
the outer light profile will be fit. GALAPAGOS uses parametirs
the SExtractor catalogue to determine the X and Y dimension i
pixels of the postage stamps for each object:

X =25 X a X riron X (|sin(0)] + (1 — €)|cos(9)]), 1)

)

wherea X riron IS the Kron radius along the major axis in units
of pixels, @ is the position angle, andis the ellipticity.

GALFIT Inputs: For running GALFIT, GALAPAGOS pro-
duces an input file of initial parameter guesses for the fit-
ting parameters based on the SExtractor output as follows:
myot,i = MAG_BEST for the apparent-band magnitude;so; =
0.162r 5., Wherer s, is FLUX_RADIUS; b/a, = 1 — e, where
e is ELLIPTICITY; and §; = THETA_IMAGE. We start with
an initial Sérsic index ol = 1.5. We note that for this analy-
sis, we do not use the higher fitting modes, such as diskymeks a
boxiness, offered with the GALFIT software. Nearby compasi
within 1.5 times the SExtractor Kron aperture of the targdtgy
are fit simultaneously with a Sérsic model using initialgraeters
also determined as described above. Companions furthgr aea
masked out using the masks provided by SExtractor. In axfdit
the input file, GALFIT requires a PSF image to convolve with th
model image. The PSF at the centre of the target galaxy iaczut
from the SDSS photo pipeline by employing a SDSS published to
readAtlasimag

Background Sky Estimatiorthe background sky level is a
critically important ingredient in galaxy image fitting. Fexample,
an overestimation of the sky can result in flux, size, ancigén-
dex underestimation. GALAPAGOS includes a sophisticategt w
to measure the local sky around a galaxy, which is demoestrat
to be successful for ACS images (Haussler et al. 2007). How-
ever, GALAPAGOS uses a hierarchical iteration for fittindega
ies, from bright to faint, over the whole frame to isolate ghy-
els. Rather than using this CPU-intensive approach, we aBly
the SDSS, which provides useful and well-tested sky estisnat
The SDSS global sky is considered to be a good measure of the
background sky level for studying the structure of SDSS>jea
(von der Linden et al. 2007). We treat the background sky a®d fi
flux pedestal during the fitting to reduce degeneracies leatwlee
sky and the outer isophotes of highmodels.

Y =25 X a X riron X (Jcos(0)] + (1 — e)|sin(6)]),

3.2 Testing the Pipeline with Simulations

We test our SDSS image fitting pipeline by running it on 850-sim
ulated galaxies. The goals of this test are two fold: (1) torexte
random and bias of the structural parameters returned byiteur
ting pipeline; and (2) to confirm that using the SDSS global sk
does not produce bias. We compare the actual propertiesi¢hat
fine each simulated galaxy (input) to the corresponding fitiite
(output) following Figure 9 in Blanton et al. (2005).

For our tests, we use the SDSS-based simulations of
Blanton et al.|(2005). Briefly, each simulated galaxy is aisyar-
metric Sérsic model. The simulation sample has a rangepuftin
parameters matching the NYU-VAGC Large-Scale Structu&S)
sample from SDSS DR4. Each simulated galaxy is converteaito r
data units, scaled to the SDSS pixel size, and convolved thih
PSF at its position. After adding Poisson noise, the resylithage

1 http://iwww.sdss.org/dr4/products/images/rezsd. html

(© 2008 RAS, MNRASD00 [TH22
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Figure 3. A comparison between input and output parameters when @#id-IT to fit Sérsic models to 850 simulated Sérsic galaxi#'e plot the difference
(output-input) as a function of input for three importamr§¢ parameters: the index the half-light radius-so, and the total magnitude. In each panel, grey
points represent individual simulated galaxies. The doligs show the 3rd quartile, median and 1st quartile (fropttobottom).

is placed into an actual SDSS image at a random location.rGene small scatter. For half of the simulation sample the pigetieturns
ally, about 60 simulated galaxies were added to ead8 x 1024 structural measurements within 10 percent of the true vélsex-

pixel image.

The results of applying our pipeline to the SDSS simulations
are shown in Figurigl 3. We plot the output-input offset as ation
of input for three important parameters: the total magrtuido:,
the half-light radius'so, and the Sérsic index. The results demon-
strate that our pipeline successfully recovers thesetsnalgparam-
eters of simulated Sérsic galaxies with almost no offsdtarly a

© 2008 RAS, MNRASDOO, [1H22

pected, there is a larger parameter offset scatter for aeibalax-
ies withn;,, > 4 than for those witm;,, < 4 (see_Haussler et al.
(2007)). We see a slightly increased scatter with magnitwdeg

to the lower S/N of fainter galaxies. We note that the goocegr
ment between input and output parameters also demonsthaiies
the SDSS global sky is a good choice for galaxy image fitting. W
address the effects of sky uncertainties on our structucglesties
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measurements in more detail§B.4. To the degree that Sérsic pro-
files provide a reasonable fit to the true light distributidryalax-
ies, the good performance of our pipeline on simulated gedais
promising for the analysis of real galaxies.

3.3 Sersic Fitting of the CEN Sample

We apply our pipeline to fit each galaxy in the CEN sample with
a Séersic model. To evaluate the fit quality we visually cleeck

sky is difficult to measure especially for CENs in dense emsr
ments. In this subsection, we estimate the uncertaintyarsfbSS
global sky values and evaluate how this uncertainty traéesleto
fit parameter errors.

We use the difference between the SDSS global sky and mean
sky to characterise the uncertainty in the sky measurens&sS
measures the global sky as the median data counts (ADUs)vem
ery pixel of the source-subtracted frame after sigma-aolippBe-
sides the global sky, SDSS also provides a mean sky for eactefr
and a local sky for each detected object in the frame. SDSS mea

random subsample of 200 CENs and find that about 15 percent of sures the background in sub-frame boxes o2& x 256 pixels

our fits suffer from a variety of technical issues. Thesedssn-
clude stars misclassified as galaxies and unreliable fitsrtgoan-
ion sources. Here we discuss what portion of our fitting tesare
affected by these issues and how we can correct for them.

The accuracy of star/galaxy classification affects thenfitti
quality. Although CEN galaxies can always be correctly siféed,
a small portion of their companions may suffer from misdfass
cation. Some galaxies are misclassified as stars and soraesta
misclassified as galaxies, but only the latter has a sevepadm
on our fitting. Fitting a Sérsic model to a stellar profile itally
results in a very large with an overestimated extent and an over-
estimated flux. As a result, this false extension takes laytay
from the whole image and hence causes an underestimaig,qf
rso andn for the target galaxy. Conversely, companion galaxies
misidentified as stars and fit by a PSF are spatially compatt an
faint, thus their improper treatment has little impact oa thea-
sured structure or flux of the target galaxy. We estimate |#sat
than 5 percent of our CEN sample (in a random sense) suffer fro
the issue of companion stars being misclassified as galaxies

A drawback to fitting several sources simultaneously isdhat
unrealistic model fit for a companion will spoil the fittingajity of
the target galaxy. We develop an empirical set of criteridaden-
tifying bad companions such that any companion being fittied w
Cago /850 > 0.3 andn > 8.0 is identified as a bad companion,
whereaso is the semi-major axisso = rs0/+/b/a, b/a is the axis
ratio, ando ., is the internal GALFIT error ofi5o. Such bad com-
panions are usually small and/or low surface brightnesaxgss
and tend to be fit with an overestimated size, Sérsic indebnzag-
nitude, resulting in a severe underestimate of the samaitjgaror
the target galaxies. We examine SExtractor magnituderdiffees
between bad companions.z) and target galaxiesi{r) and find
that bad companions, as defined here, are mostly faintertiiesn
corresponding targets. Actually, the majority of bad conipas
haveAm = mpc — mr > 2.5 and the distribution ofAm is
peaked a\m ~ 3.5. Thus we simply mask out athm > 2.5 bad
companions and refit the image. We iterate this proceduiiealint

the targets have no more bad companions. About 8 percentrof ou

CEN sample start with bad companions and we correct all ehthe
as described above. Some of the target CENs have< 2.5 bad

companions within a few arcseconds and any masking might ad-

versely affect the fit. Hence instead we opt to exclude thasget
galaxies from our CEN sample. The fraction of CENs havindisuc

centred every 128 pixels. The local sky of each object in aSDS
frame is an interpolation of the sub-frame background \alae
the position of the object centre. The mean of all sub-fraimése
mean sky for a frame.

In the left panel of Figuré ¥, we plot the difference between
the SDSS global sky and mean sky for our CEN sample. The mean
sky is somewhat larger than the global sky on average beaadise
vidual sub-frames may suffer contamination from large amghi
sources. We also plot the difference between the SDSS giwiohl
local sky measurements for our sample in the left panel. § bés
ferences are much larger than that between the global andl shga
because the local sky is heavily contaminated by large aightor
sources. Furthermore, in thmiddle panel of Figurd ¥, we show
that the overestimates of the local sky are halo-mass depéifat
CENSs. The local sky at the centre of massive haloes tends to be
higher than that in less massive haloes. Since the real sty ba
ground should be independent of the properties of haloesdéh
pendence implies that local sky measures for CENs suffen fra
creased contamination from the higher density of galaxidarger
haloes. In contrast, SATs display little dependence on halss,
even though their local sky is also overestimated, as shovihei
right panel of Figur€}. We attribute this lack of halo dependeace t
the fact that SATs are found over a range of halo-centrictioos
and hence at various galaxy densities. It is also possibleirira
cluster light (ICL) at the centre of massive haloes can doutie to
the difference between CEN and SAT sky estimates as we show in
Figure[4. Given the large overestimates and the halo depeade
of the SDSS local sky, we will not use it as a measurement of the
sky background. Moreover, we conclude that the SDSS mean sky
not only provides a robust alternative measurement of théa&k-
ground but it also tells us in which direction the sky measwet
might be biased.

To study the effect of sky uncertainties on the Sérsic {jtth
actual galaxies, we first select a representative subsed 6fENs
from our sample that span & x 3 matrix in Muao-n Space as
follows:

e for log(Mpaio/h™ Mg )=[12.0:12.5],n=[1.8:2.2], [3.3:3.7],
[4.8:5.2]

e for log(Mpaio/h™ Mg )=[13.0:13.5],n=[2.8:3.2], [4.3:4.7],
[6.3:6.7]

e for log(Mpaio/h™ Mg )=[14.0:14.5],n=[3.8:4.2], [4.8:5.2],

bad companions depends on halo mass: from 7 percent at high-[6.3:6.7]

masses to 3 percent at low-masses. In total, 32 CENs aredextlu
from our sample owing to problems with bad companions.

3.4 Sky Uncertainty and Parameter Covariance

Although the SDSS global sky works as a good choice of sky-back
ground for fitting isolated galaxies, as the simulationsisltloe real

Next, we randomly select five galaxies from each bin of thevabo
matrix. For each galaxy, we Monte-Carlo sample 50 values fro
the distribution of the mean-global difference shown byrtigkline

in the left panel of Figuré¥. These values are added to the global
sky and the galaxy is refit using these new background leVelis.
procedure provides a distribution of fitting parametersseauby

the uncertainty in measuring the sky. For this subset of 4BIGE

(© 2008 RAS, MNRASD00,[TH22
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Figure 4. Distributions of differences between various sky measergmLeft The red line shows the difference between the SDSS meanlahdl gky
values for our CEN sample and the green line shows the differéetween the SDSS local and global measuremididslle: The local-global difference for
CENs divided into halo mass binRight Same as the middle panel, but for SATs.

we plot distributions around the mean value of three impurtia
parametersrot, n andaso) in FigurelB. V777 T 1
The distributions in Figuril5 clearly demonstrate a covenéa
between best-fitting parameter values and the choice ofT3ig.
boxes represent our original results using the SDSS gldbal s
The series of (50) crosses, which form a short and nearligbtra
line through each box, represent the fitting results usiegMbnte
Carlo sampling of the sky background as described abovecdihe
relations betweem., andaso (bottom) andn;.; andn (top) show
the strong degeneracy of these parameters in the Sérsi nfode 4
increase the sky background, the best-fitting flux decretade=ep
the total (galaxy + sky) flux constant, while the best-fittingnd
aso decrease. Conversely, decreasing the sky backgroundréevel 2
sults in larger best-fitting values faiio:, 7, andaso. We find that
the covariance is more severe for galaxies with highérhis effect
shows that the sky estimate is very crucial for producingueate
Sérsic profile fits. This is especially true for galaxieshwit > 4
because the flat, extended wings of the profile are sensitig&yt
uncertainties. The strength and direction of these covegis must
be accounted for when analysing the size-luminosity retats we
will discuss in§4.2
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4 THE STRUCTURE OF CENS ‘N W

, , : 10 TR
In this section we explore theband structural properties of our

CEN sample. CENs are the most massive members of the SDSS
groups and clusters, and are presumed to be located at theéyn

cal centre of the host halo. We focus on the structural shetpsa( T B BT R R R
acterised by the Sérsic indey and the size (characterised by the 12 13 14 15 16 17
half-light radiusrso) of the Sérsic profile of CENs. We study the

T
P
P

relationships between these parameters and galaxy stedisses
and host halo masses to investigate which factor is morteckta
the structure of CENs. We also compare the structural paeame
of CENs and SATs using our two matched SAT samples ke
for details) and study whether the central halo locationdaotg the
shape or size of a galaxy.

To evaluate the accuracy of our measurements of galaxy-struc
tural parameters and total flux using our GALFIT pipeline, we

© 2008 RAS, MNRASDOO, [1H22

mag

Figure 5. The covariances among best-fitting total magnitude, Sardiex
andasg as a result of sky uncertainty for 45 representative CENseBo
represent the GALFIT result using the SDSS global sky. Foh emlaxy,
the series of (50) crosses represent fits using sky backdriewels taken
from Monte Carlo samplings of the sky as described in the text
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compare our fit results with the one-dimensional (1D) S&fisi
ting parameters based on the NYU-VAGC analysis (Blantomh/et a
2005, hereafter 'NYU-VAGC’). The NYU-VAGC Sérsic parame-
ters have been widely used in the study of galaxy morphology a
size (e.g. Shen et al. 2003; Blanton €t al. 2005; Maller 2G08).
We find that for high Sérsic index (our GALFIT > 3.0) galaxies,
NYU-VAGC underestimates the Sérsic index by about 1.3 and u
derestimates the total magnitude by about 0.4 mag compauad t
results. There are two reasons for these underestima)eYd-
VAGC's 1D profile fitting systematically underestimates S&rsic
index and total magnitude for highgalaxies, as shown by Figure 9
of Blanton et al.|(2005); (2) NYU-VAGC uses the SDSS local, sky
which overestimates the background sky level and hencétsésu
underestimates of and the total magnitude. Furthermore, for low
Sérsic index (our GALFITh < 3.0) galaxies, NYU-VAGC over-
estimates the Sérsic index but still underestimates tiaé reagni-
tude by about 0.2 mag. Besides using the local sky, NYU-VAGC’
azimuthally-averaged 1D fitting procedure systematicallgres-
timates the Seérsic index for highly inclined galaxies, ethiare
mostly disks. We also compare both our GALFIT results and the
NYU-VAGC results with the Petrosian quantities from the SDS
photometric pipeline. By following the formalism lof Grahahal.
(2005), we find that under our working assumptions (a Sensigel
and a global sky), our GALFIT fitting pipeline more accurgtel
measures the structural properties of SDSS galaxies thed-NY
VAGC's. The details of this comparison are in Apper(dix A.

4,1 The Srsic Index of CENs

With reliable and accurate measurements of galaxy straigboop-
erties from our fitting pipeline in hand, we turn to the study o
how the Sérsic index of CENSs is related to their stellar nmaass
their environment. The Sérsic index is widely used to ctiarése
the profile and concentration of galaxies in both obseraatio
(e.g.,[Graham et al. 1996; Blanton et al. 2005; MacArthutlet a
2003;/ de Jong et al. 2004; Allen et al. 2006) and numericaj.,(e.
Naab & Truijillo|2006] Aceves et @l. 2006) studies. Some athae
the morphology-density relation implies that the struetoff galax-
ies is affected by the environment. Others argue that thietsire
of galaxies depends strongly on stellar mass but only weakly
the environment (e.g., Hogg et al. 2004; Kauffmann et al.4200
van der Wel 2008). In this section, we explore the dependefice
the Sérsic -index distribution of CEN galaxies on bdih;., and
Mhalo-

4.1.1 Dependence on Stellar Mass

In theupper leftpanel of Figurél, we plot the Sérsic index of CENs
as a function of their stellar mass. Th&., values for our CEN
sample are calculated following the formula from Bell €{(2003):

log[Mstar/M@)] = —0.306+1.097°-0(g—7)—0.15—0.4(°-° M, —4.67), (3)

bars in Figurd16 show the median and the 1st and 3rd quartile
of the n distribution inMgar bins with a 0.25 dex width. From
the plot we see that the median Sérsic index is a strongifumct
of stellar mass: low-mass CENs have law(disk-like) and high-
mass CENSs have high (spheroid-like). Yet, there is large scatter
in the relation betweem and Mg, , especially for CENs with
3x 10" < Mgar/h™2Mg < 10", where the Sérsic index ranges
from 1 < n < 6 or larger. Higher-mass CENs tend to have- 3.

We also show how the uncertainty and covariance of the GAL-
FIT n values affect thei-Mga, relation in theupper leftpanel of
Figure[® (green symbols). The red symbols in the plot onle tak
into account of the scatter from our fits. However, as we sllawe
§3.4, there is a strong covariance between the fit parametensl
myot and the sky uncertainty, and we use.: to estimate stellar
mass. To evaluate how this covariance may change the above
Mstar relation, we re-calculate the relation using the resulisnfr
the representative subset of 45 CENgZ4. For each CEN in our
sample we randomly select one CEN from the nearest five in
space among the representative subset, and we assumedhat ea
CEN has the same and m..¢ covariance as its matched com-
panion. In this way, we construct a probability distribuatiof n
andMgiar (from myot) for all 911 CENs. The median, 1st and 3rd
quartiles of this distribution are shown by the green syrslbold er-
rorbars in theupper leftpanel of Figur€h. The new relation shows
little difference compared with the original because theapeeter
uncertainties owing to sky are smaller than the intrinsettee in
our sample (red symbols). For example, the average reltafter
between the 1st and 3rd quartilesobwing to the background sky
level uncertainty is onyAn/n ~ 0.2, while the measured scatter
is An/n ~ 0.75 and hence dominates.

4.1.2 The Dependence on Host Halo Mass

In theupper rightpanel of Figurélb, we show the dependence of the
Sérsic index of CENs on their host halo mass. RecallXfat, is
calculated by matching the rank of the total stellar massofigs
and clusters with that of dark matter haloes from numericals
lations (see Y07 for details). We find thatdepends only weakly
on Mhuai, and that the scatter of the M., relation is large. For
CENSs in haloes With}og[Mhalo/hfl(M@)] < 12.5, we find a me-
dian value ofn = 3 and a relative scatter ahn/n ~ 1.3. For
massive haloes Witﬁbg[Mhab/h*l(M@)] > 14.0 the median is

n = 5 and the relative scatter isn/n ~ 0.6.

The n-Muaio relation, although weak, suggests that the halo
mass may also affect the structure of CENs. However, from the
right panel of Figur€ll we know that the stellar mass of CENs al
depends on the halo mass in the sense that CENs in massies halo
tend to have larger stellar masses than CENs in smaller haloe
Given this dependence and the strength of #hkls... relation,
it is tempting to rule out any dependencerobn halo mass. To
address this, we attempt to remove aiy;., -Mnaio dependence

where the constant 0.15 corrects to_a Kroupa (2001) IMF, and from both then-Mgtar andn-Mhpai, relations.

9-9(g — r) is the Petrosian colour from the NYU-VAGC shifted to
the z = 0 rest-frame using the Blanton et al. (2008}corrections
and correcting for Milky Way extinction using the Schlegebg
(1998) dust maps. The absoluteband magnitud€-°M,. is ex-
tinction and K-corrected in the same manner, but we use the to
tal flux from our fitting for this quantity rather than the Resian
magnitude in the SDSS pipeline. We show in Apperidix A that
our fitting procedure better recovers the total magnitudgaddx-

ies than the Petrosian photometry. The red symbols withr-erro

First, in the lower left panel of Figuifd 6, we plot theMg;.a,
relations for CENSs in five halo mass bins, each 0.5 dex in widlih
the bins with less than six CENs are excluded to get bettéissta
tics. The roughlyM,, .1, -independent relations all have a slope and
amplitude that is similar to the singte- Mg, relation for the full
sample (red symbols in thapper leftpanel). There is some evi-
dence that the relations for differel, ., bins are somewhat off-
set along th&/l., direction in the sense that CENs in less massive
haloes tend to have largerthan their counterparts in more massive

(© 2008 RAS, MNRASD00,[TH22
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Figure 6. Upper left the relation between Sérsic index and stellar mass foiG&M sample. Black crosses represent the best-fittifigr individual CEN
galaxies. The red line connects the median (open squardsg afdistribution in eachMs¢ar bin. The green line and open circles show the median once the
n andmgoy fitting uncertainties owing to sky are folded into the distition (see text for details). The errorbars show the firdtthixd quartiles Upper right

the relation between the best-fitting Sérsic index and hadss for our CEN sample. Black crosses and red lines withibem® are done as in the left panel.
Lower left then-Mgtay relation split into different bins of fixed halo mass as iradéxl by keyLower right the n-My, ., relation split into different bins of
fixed stellar mass as indicated by the key. In both lower [gatie¢ symbols and errorbars provide the median, 1st, anguzndiles. In thdower panels, only

the best-fitting results are used.

haloes. But since the scatter in the relations are large,amaat Mhalo relation for the full sample. For the most part, the relaion
draw any firm conclusions. are all flat, i.e. each CEN of a givé¥is;a, has a constant, within
the scatter, independent of its host halo mass. We notedhata
Similarly, we study the:-My., relations of CENs in five dif-  of the fixed stellar mass relations have a small negativeesidgen
ferentMstar bins, each with a width of 0.4 dex, as shown in the considering only the median values. This slight trend is aifea-
lower right panel of FiguréJ6. We find that the- M., relations tation of the small offsets among theM,:.. relations in different

for each bin of fixed galaxy mass is different from the singte

(© 2008 RAS, MNRASO00, [1H22
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Mhalo bins in thelower left panel. A much larger sample is re-
quired to validate whether the profile shape of CENs, as medsu
with Sérsic fitting, has a small second-order dependencleatm
mass.

4.1.3 Discussion

We study the distribution of. for our CEN sample and its depen-
dence onMgtar and My, and find that the Sérsic profile shape
of CENs is strongly correlated withls., but only weakly (or
not at all) correlated wittMa1,. Low-mass CENs tend to have
shallower, disk-like profiles, while massive CENs have stee
more spheroid-like shapes. ThisM:a, relation holds for CENs
from different My,,1, bins with almost the same slope and ampli-
tude. On the other hand, CENs hawevalues that depend very
weakly, if at all, on global environment as defined b .o,
which is consistent with other observations (Kauffmann :2@04;
van der We| 2008). This correlation disappears (or even rbeso
an anti-correlation) if we divide our CEN sample into diffat
Mstar bins. This suggests that,.;, has almost no effect on the
shape or concentration of CENs. The key factor that detersnin
of a CEN is its stellar mass. Given the relationship betwdsen t

120 1 1 1 1 1 1 1 1 1
early-type CENs
100 late-type CENS e .
—_ 80 B -
o
Q
£ 60 -
>
< 40 | -
20 | -
N B,
0 b’ 1 1 1 1 1 Jour'y I
0 1 2 3 456 7 8 910
n

Figure 7. The distribution of Sérsic index for our visual inspectelye
(solid line) and late-type (dotted line) CENs. The Sérsieix comes from
our best fits.

4.2 The Size of CENs

masses of CENs and their host halo masses, the phenomenon of

CENSs in massive haloes having a more concentrated stru@sre
implied by morphology-density relation) can be explainadpy
by (1) an intrinsicn-Mgsar correlation, and (2) massive CENSs liv-
ing preferentially in massive haloes (i.e., mass segreghti

We find low- (disk-like) CENs in haloes spanning a large
range in halo mass (from0'? to 10'*h~='Mg), which rules out
a distinct (specialMyaio for producing spheroids. Likewise, find-
ing highs (early-type) CENs over the same range of environments
suggests that major mergers, or some other processesdhat tr
forms disk galaxies into spheroid-like galaxies, occuhatdentres
of haloes with a wide range of masses. Finally, it is uncldaetiver
the halo plays a small, secondary role in determining theabve
profile shape of its CEN as hinted at in the bottom panels of Fig
ure[8. TheMstar -Mpalo relation in Figure 1 shows that CENs of a
fixed stellar mass reside in haloes with a range of massesp#de s
ulate that the tendency for CENs of a fixed stellar mass to be mo
concentrated in smaller haloes and less so in larger halagget
us something about the recent accretion history of the hubita
impact on the stellar mass growth of the CEN. Halos grow tijinou
the accretion of, and the merging with, other haloes. Briefy-
sider two haloes (A and B) that were equal in mass and comtaine
similar central disk galaxies in the recent past. Sincetthat both
haloes have doubled in mass, halo A by a single major merdbr wi
a comparable halo, and B by accreting many minor subhalogs. O
ing to dynamical friction timescales, the disk CEN in halo Alw
both (i) grow in mass faster than halo B's CEN and (ii) be trans
formed into a spheroid because it is doomed to experiencga ma
merger with the CEN of the merging halo. Conversely, the méss
the CEN in halo B will take much longer to grow by the occaslona
minor merger with small infalling companions, and this msg is
much less likely to destroy its disk morphology. Therefavben
comparing haloes of the same mass, galaxies that grew throug
major mergers will be more massive and more concentraté&e- Li
wise, when comparing CENs of the same stellar mass, thosghwhi
grew through major mergers (i.e., more concentrated) waide
in lower mass haloes on average more than their disk-doednat
counterparts as we see in the lower left panel of Fiflire 6. &tum
ical modelling and a more-detailed analysis on a much ladg&a
set could test these predictions.

In addition to the Sérsic index, the half-light size is arpartant
characteristic of galaxy structure. It is well-establidlleat galax-
ies follow well-defined size-luminosityréo-L) and size-stellar
mass {50-M, ) relations (e.d. Shen etlal. 2003; Bernardi €t al. 2007;
Dutton et all 2007), which are commonly used to constraiaxgal
formation and evolution theories. In this subsection, welgthe
size-luminosity relation and the size-stellar mass refetiof our
CEN sample and compare our results with those obtained by oth
ers. Our CEN sample contains both early and late-type gadaxi
Thus, we visually inspect each galaxy and divide the sammte i
two types based on whether spiral disk structure is presatat-
type) or not (early-type). In Figufd 7 we plot the distrilautiof our
best-fitting Sérsic index for our visual inspected eargolid line)
and late-type (dotted line) CENs. Unlike employing a sharpat
n = 2.5 as in many studies, the majority of our early-type CENs
haven > 3.5, while late-type CENs have < 3.5. In what fol-
lows, we will discuss the early and late-type size-lumityosind
size-stellar mass relations separately.

In Figurd 8, we show the size-luminosity relation of eartire(
upper leftpanel) and late-type (thewer left panel) CEN galax-
ies. Here we use the half-light radiugo (in units of h™' kpc)

to represent the size of a galaxy. We haye = 155 X za0% X

\/b/a x dA(z), whereaso andb/a is the semi-major axis and
the axis ratio of our best-fitting model of the galax}A(z) is
the angular diameter distance at redshiftf the galaxy. We cal-
culate the absolute magnitude using the total magnitudea fyor
Seérsic fit, K+E corrected to = 0.1. FollowinglShen et al! (2003,
hereafter S03), who also measured the-L or r50-M, relation
for SDSS galaxies, we use linear regression to fititheL rela-
tion, i.e.log[rso/(h™'kpc)] = —0.4aM, + 3. We find slopes of
a = 1.02 £ 0.03 for early-type CENs andv = 0.88 + 0.04 for
late-type CENSs. The linear fits are shown by thick solid lifres
each panel.

At the bright endM, — 5logh < —22, the relation steepens.
The origin of this steepening is unclear. It could be causethb
covariance between the semi-major axis and the total magni-
tude myot, as shown in the upper panel of Figlide 5. Our tests in
§3.4 show that there is a very strong covariance betwggrand
m¢ot, OWING to uncertainties in the measurement of backgroupd sk
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Figure 8. The size-luminosity |éft) and size-stellar massight) relations for early-typeuppern and late-type Iower) galaxies in our CEN sample. The
thick solid line in each panel is the best fit linear relation éach morphological type over the whole luminosity/ateihass range. The dashed line in each
panel shows the linear relation by fitting the faint edd.(— 5log(h) > —22). For comparison, the thin dotted line in each panel is thetiom from S03
(see the text for details). The arrow in the upper right pameiws the direction and amplitude of the average covaribeteeenM, andrso for bright
(M, — 5log(h) < —22) CENs owing to background sky uncertainties (§8l for details).

level, and that this covariance becomes stronger for baigtitarge
galaxies. The covariance betwesys andm..¢ will produce a co-
variance betweenso andM, in Figure[8 sinceM, is calculated
from my.¢. The direction of the average covariance at the bright
magnitude end, as shown by the arrow intipper leftpanel of Fig-
ure[8, is almost parallel to the slope of the relation at thghbiend.
Moreover, the amplitude of the covariance increases fayhiber
and larger galaxies as seen in Figlile 5. Hence the covartamce
tween size and total magnitude in the profile fitting couldtdbnte

to the slope steepening at the bright end.

To account for any bias at the bright end, we refit exclud-
ing sources withM, — 5logh < —22 and find slopes ohx =
0.82 4+ 0.06 (early-type) andx = 0.57 £+ 0.04 (late-type). For
reference, a fit to theso-L relation of early-type CENs brighter
than -22 has a slope of = 1.32+0.08. We don't fit the bright end
of late-type CENSs, because there are only several galddgng
the fit over the faint end\l, — 5logh > —22), we find an early-

© 2008 RAS, MNRASDOO, [1H22

type rso-L relation with a much steeper slope than the= 0.65

of S03 (the thin dotted line in thapper leftpanel of FigurdB).
Ouir fit to therso-L relation for late-type CENSs fainter than -22 is
also qualitatively steeper than that of SO3 (comparing tmEhdd
and dotted line in thdower left panel), who fit therso-L rela-
tion with a four-parameter model. We note that the definitén
early/late types in S03 is different from ours. They classifjalax-
ies with a Sérsic index > 2.5 as early-type and the others as
late-type. The different definitions of early/late-typeveeen S03
and us could contribute to the measured slope differencesal¥
try the same early/late-type classification as S03 by usigiS
index from our best fits and refit theo-L relation for the faint
end CENs. We findx = 0.78 £ 0.05 for the slope of early-type
CENSs, which becomes flatter due to containing more low §érsi
index galaxies than our visually inspected early-type darhpt is
still steeper than the slope of S03. There are two other plessa-
sons for the large discrepancies in slope betweenshd. relation
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of S03 and our result: (1) S03 use the results of an earlyorersi
of the NYU-VAGC fitting, which underestimates both the tdtak

and the size of galaxies, as shown in Appeiidix A; (2) S03 cover
a wide range of luminosity and hence contains many fainbigai
than the faintest one in our sample) galaxies. The slopeeofsth

L relation could have a smooth transition from a flat one at the
faint galaxy end to a steep one at the luminous galaxy endjgs s
gested by Desroches et al. (2007). Including many faintgggan

the S03's sample can flatten the average slope of the wholgleam
making their slope smaller than ours.

We also compare our results with other studies of the
L relation of BCGs, a subset of massive early-type galaxies at
the centres of large clusters. Bernardi etial. (2007) fit a de-V
couleurs model to SDSS images of BCGs from the C4 cluster cat-
alogue |(Miller et all 2005) and study thgo-L relation by using
the half-light radius of their best-fitting models. They fiadlope
of a = 0.89 for early-type BCGs over the luminosity range of
M, — 5log(h) = [-20.3 : —23.3]. This slope is a bit shallower
than our slope~ 1.0) for early-type CENs over the same lumi-
nosity range. The difference could be attributed to the fhat
they fit BCGs with a de Vaucouleurs profile rather than a $érsi
profile, which yields a smaller size and hence results in geflat
rs0-L relation, as shown in their paper. von der Linden et al. (2007
performed isophotal photometry on the SDSS BCGs from the C4
cluster catalogue (Miller et &l. 2005) and fouad= 0.65 £ 0.02
for BCGs over the luminosity rangkl, — 5log(h) = [—20.3 :
—23.3]. However, the isophotal photometry technique could miss
the extended outer parts of galaxy light profiles and henseltre
in underestimates of botky, and L.|Lauer et al.|(2007) combined
surface photometry presented in several HST imaging pnagjfar
219 early type galaxies and fit them using a de Vaucouleurs pro
file. They founda: = 1.18 &£ 0.06 for galaxies withMy < —21
and that therso-L relation changed from a flat slope to a steep
slope at aroundfyy = —22. This slope is close to our slope for
CENSs brighter thaiM, — 5log(h) = —22. Also, their slope be-
haves qualitatively like ours, with a steep slope at theHhtrend
and a more shallow slope at the faint end. Gonzalezl et al5(ZQ0
Sérsic profiles to the I-band images of 24 luminous BCGgliegi
in large clusters and found = 1.8 4+ 0.2, but these fits included
significant ICL. During our tests if3.4, we showed the sensitivity
to the background sky estimate and the covariance of theaside
magnitude from profile fitting. This could become more acute f
high luminosity CENs, where distinguishing the ICL from tie
tended outer light bound to a galaxy becomes increasinéigult.

Overall, although it is well known that size strongly coatels
with luminosity, the slope of this relation is hard to deterenpre-
cisely. As we summarised in Tallé 1, authors with differemhs
ples, measurement techniques, definitions of size andér the
criteria to split their samples into early and late typesaobdif-
ferent slopes. What's more, a small uncertainty in backggosky
translates into a strong covariance between size and lsityremd
hence can change the slope, especially for bright and |aigaigs.
Based on our analysis of the robustness and uncertaintyrditou
ting, and combined with previous work, we propose slopester
rs0-L relation ofa ~ 0.9 anda: ~ 0.6 for early-type and late-type
CENSs, respectively.

Closely related to the size-luminosity relation of CEN gala
ies is their size-stellar masso-Mstar relation. For comparison,
we plot therso-Mgar relations for our early-type (upper right) and
late-type (lower left) CENs in Figurg] 8. We find slopesof=
0.90 £ 0.02 (early-type) andx = 0.47 £ 0.03 (late-type) by using
the relationlog[rs0/(h ™ kpc)] = alog[Mstar /(h™>Mp)] + 3 to

fit the whole luminosity/stellar mass range of our CEN sam-
ple. Similar to therso-L relations, ourrso-Mstar relations are
steepened by the covariance between size and total magnitud
in the profile fitting. We also refit the relations with bright
(M, — blog(h) < —22) CENs excluded and find slopes af =
0.68 + 0.03 (early-type) andx = 0.35 £ 0.03 (late-type). Our
slopes of faint endNl, — 5log(h) > —22) CENSs are steeper than
those in S03 (thin dotted lines in each panel). As discusbedea
differences in the fitting procedures could be responsibtettie
difference. Also we note that theo-Mg., relation in S03 is de-
rived by using the-bandrs.

4.3 Comparison Between CENs and SATs

One of our two primary questions regarding the environniatdga
pendence of morphological transformation is whether orthet
group centre is a special place for determining the stracafr
galaxies. In this subsection, we compare the structurgepties

of CEN galaxies with those of galaxies selected from the t&4d S
samples, which are comparable to our CEN sample. First, we co
sider SATs matched in stellar mass with our CEN sample, thie SA
sample S1. Second, we study SATs matched both in stellar mass
and colour, the SAT sample S2. (§&&for details). We address our
above question by testing if CENs and SATs are two distinptipo
lations of galaxies possessing different structural prigee SATS
were CENs before being accreted by a larger halo, thusreifees
between these galaxies probe the impact of local envirohimen
SAT-specific transformation processes.

Many studies have demonstrated structural differences be-
tween brightest cluster galaxies (BCGs) and non-BCGs. Ker e
ample, BCGs are found to have larger sizes (€.9.. Bernaddl et
2007 von der Linden et al. 2007; Liu etal. 2008) and steepht |
profiles (e.g., Graham etlal. 1996) compared to other maeanrg
type galaxies (ETGs) in the same cluster. These resultgee i
preted as differences between CEN and SAT galaxies and¢chs su
are thought to indicate unique formation histories. Howgitds
important to keep in mind that the BCGs in these studies sete
a special subset of all CENs; namely they are the most-lunsino
and highest-mass galaxies found at the centres of massistes
and are the tip of the galaxy group mass function. Moreovewsna:
parison of BCGs with other morphologically similar clusteem-
bers is effectively a comparison of galaxies of differensses. In
general, the structural properties of ETGs have a smoatisitian
as their luminosity and/or stellar mass changes (Desraetals
2007). Therefore, it is unclear whether differences betwB€Gs
and non-BCGs are intrinsic and originate from separate dtion
mechanisms or are simply a reflection of their different reas$o
avoid this selection effect, we compare the structure of GiaN
SAT galaxies that are matched in stellar mass.

4.3.1 Seérsic Index

We compare thei-Mg:a, relations of CENs and SATs in Figure

[@. The relation for CENs is reproduced from Figlife 6, andithe
Mstar relations of SAT sample S1 and S2 are measured in an iden-
tical fashion as for the CENS, i.e. their stellar masses ased

on their best-fitting total magnitudes from our Sérsicrfgtanaly-

sis and the error bar represents the first and third quartiesach
Msiar bin. We also repeat our self-matching test in 2.2 and
find that the scatter of Sérsic index medians due to our match
ing scheme is much smaller than the sample scatter. So we de-
cide to choose the scatter of the sample (as shown by the first
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Table 1. Slope of therso- L relation for early-type galaxies from various authors
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Work Sample «a Aa

Luminosity range

Model

This work Y07 CENs 1.02 £0.03
This work Y07 CENs 0.82 +0.06
This work Y07 CENs 1.32 £0.08

M; — 5log(h) = [-19 : —24]
M; — 5log(h) > —22
M, — 5log(h) < —22

Shen et al. (2003) SDSS galaxies  0.65 — M, —5log(h) = [-15.3 : —23.3]

von der Linden et al. (2008) C4 BCGs 0.654+0.02 M, — 5log(h)
Bernardi et al. (2007) C4 BCGs 0.89 — M, — 5log(h)

Lauer et al. (2006) 219 galaxies 1.1840.06
Gonzalez et al. (2006) 24 BCGs 1.8 +0.2

20.3 : —23.3]
20.3 : —23.8]
My < —21
M < —24

=[-
=[-

Sérsic

Sérsic

Sérsic

Sérsic

isophotal photometry

de Vaucouleurs
de Vaucouleurs

Sérsic

10 I | I I I | I I I | I I I

L matching M, + color ~CENS —e— -]

th

e results.

and third quartiles in the plot) to represent the confidemteri

R 4 val whenever comparing medians of measurements from twe sam
1 ples. Note that we match our CEN and SAT samples using the stel
lar mass estimated from the Petrosian magnitudgZinbut plot

the result using the stellar mass estimated from the totainina
tude in our Sérsic fits. The only possible concern about his
cedure is that it may change the colour difference betweeN<CE
and SATs in the SAT sample S2 at given stellar mass (see the
lower right panel of Fig[®). To evaluate the magnitude of this
effect we calculate the difference between the median cadbu
CENs and SATs in the SAT sample S2 in the same stellar mass
bin with a width of 0.5 dex fromog[Msiar /(h™>Mg)] = 9.5 to
log[Mstar /(h™>Mg)] = 12.0, where now the stellar mass is the
one computed by using our Sérsic total magnitude. We findya ve
small difference: SATs are redder by015. However, this differ-
ence is still well within the measurement uncertainties abuar
(£0.03) and hence our claim that the SAT sample S2 is matched
with the CEN sample in botWs:., and colour is still valid. As for

the SAT sample S1, as long as we compare CENs and SATs in same
8 star SATS e il stellar mass bin, the modification of stellar mass does nahgh

In the lower panel of Figurd B, we see that theMga, re-

lation of SATs is almost identical to that of CENs matched in
BOTH stellar mass AND colour. The only exception is for SATs
in our highest-mass bin, which have a somewhat higher median
Seérsic value than CENs of similar mass and colour. We nate th
this bin has the smallest number of SATs (13), so small number
statistics may account for the difference in the medianswv-Ho
ever, if we release the constraint on colour matching, lovesna
SATs (log[Mstar/(h™>Mg)] < 10.75) tend to have a somewhat
higher median Sérsic index than their CEN counterparfpér
panel), although the discrepancy is within the scatter.omtrast,

the more massive SATs have similefMs;., relations as CENs

0 matched only in stellar mass, except again for the highestsm
10 10.5 11 11.5 sATs. Our results are in good agreement with those obtaiged b
-2 van den Bosch et all (2008), who used concentration defined by
log[MStar/(h MG)] the ratio of SDSS radii containing 90 percent and 50 percént o

Figure 9. Comparison of the:-Msta, relation for CEN galaxies with that
of SATs matched in stellar mass (SAT sample &iper panel), and with
SAT galaxies matched to our CEN sample in both colour antbstelass
(SAT sample S2lower panel). In each panel, solid lines with filled circles

the Petrosian flux, rather than to describe the profile shape of
galaxies and found that low mass SATs are redder and slightly
more concentrated if matched with similar mass CENSs. Intamigi

represent the median values of the CEN relation and dotedaties with van den Bosch et al. (2008) found that the concentratiorrifice
open squares show the SAT samples. The errorbars give tharfighird goes to zero when matched in colour and M as we find here.

quartiles of then distribution in eachMgta, bin as in Figurd B, and bins
with less than six galaxies are excluded.

4,

3.2 Size

Besides thei-Mg.a, relations, we use theso-L andrso-Mggar re-
lations to compare the structural properties of CEN and S#i@g
ies. We plot the sizes, luminosities, and stellar massesio€&N
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Figure 10. Comparison of CEN (red points) and SAT (blue points) galaxg-fuminosity (eft column) and size-stellar magight column) scaling relations.
These SATs (sample S1) have similar stellar masses as ouis@file. The black (green) lines and errorbars show the mgftist and third quartiles of the
CEN (SAT) distribution in each luminosity or stellar mass.lBoth CENs and SATs are separated into early-typpérpanels) and late-typdofver panels)
galaxies (see text for detail).

sample from Figurgl8 as red points in Figure$ 10 and Figure 11. tions, where both SAT sample S1 and S2 suffer from small num-
The blue points represent the data for our SAT samples S1 (Fig ber statistics. For late-type SAT galaxies, the two samgleshave
[I0) and S2 (Fid11). The size, absolute magnitude andisteflas size-luminosity relations that are similar to the CENSs (tdveer left

of SATs are calculated in the same way as CENs as described inpanel in both figures). SATs have smaller median sizes tha¥sCE
4.1 andd4.2. Also, as irff4.2, we divide the SAT samples S1 and when we only match in stellar mass (tlever right panel of Fig-

S2 into early-type and late-type galaxies based on our igua
spection. However, instead of computing the slopes of thi éfd
SAT scaling relations, we compare the half-light size distions
(median, first, and third quartiles) of each sample in natvow of
luminosity (0.25 mag wide for theso-L relation) and stellar mass
(0.2 dex wide fonsp-Mstar ). IN this manner, we directly compare
CENSs with SATs from each sample only in regions of overlagpin
luminosity or stellar mass. Hence, we avoid comparing sgaié-
lation slopes based upon samples that span different lityrend
stellar mass ranges. This helps to avoid the effects of smaiber
statistics at the bright/massive and the faint/low-masis ewhich
can bias the scaling relation slopes.

ure[10), but this difference disappears when we compare s SA
matched in both colour and stellar mass (kwer right panel of
Figure[11).

4.3.3 Discussion

Using then-Mgtar, T50-L and rso-Mgtar relations, we compare
galaxies in our CEN sample to SATs of the same stellar mass.
We find two basic differences between CEN and SAT galaxigs: (1
low mass log[Mstar/(h™2Mg)] < 10.75) SATs have a slightly
higher median Sérsic index compared to CENs of the samlarstel

The comparisons in FigurEs]10 11 show that for early type mass; and (2) low-mass, late-type SATs have smaller medias s
galaxies, whether or not they are matched in colour, CENs and compared to their same-mass CEN counterparts. Our findiegs a

SATSs display almost no difference in their size distribnfoThe
only differences occur at the bright/massive ends of the G-

in good qualitative agreement with the results of Weinmaralle
(2008) for a much larger SDSS sample. Using the NYU-VAGC
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Figure 11. Same as Figuife 10, except comparing CENs with SATSs of sisitdlar mass and colour.

half-light radii and concentrations for ovéd® galaxies, they found larger halol(van den Bosch et al. 2008). In addition, as Waimm
that late-type SATs are smaller and more concentrated @ten | et al. (2008) point out, quenching will also cause a modeirate
type CENs of the same stellar mass. We note, however, thiat the crease in the concentration and decrease in the size ofylate-
size measurements suffer from a systematic underestimate o SATs, as we find here when comparing similar mass SATs and
to an overestimate of the background sky levels (as we discus  CENSs. It is important to keep in mind that the average stnattu
AppendiXA). differences are small and, as such, SAT quenching cannasdzt u

We also find that the above two basic differences disappear {© €xplain the major morphological transformation of maigke

when we compare CENs and SATs of the same stellar mads ~ INt0 Spheroids that is required to produce the strong mdegho
optical colour Moreover, we find no structural differences between ¢l bimodality between blue and red galaxies. When we iogstr
high-mass lbg[Mata: /(h~2M)] > 10.75) CEN and SAT galax- our SAT selection to match lower-mass CEN$wth stellar mass

ies, which tend to have early-type (spheroid-dominatedipinaio- and colour (SAT sample S?), we prefergntially choose plu§§A
gies, or between early-type CENs and SATSs, in general. Lower-mass CENSs are typically blue (Figlide 1) and their apie

) associated with late-type morphology (disk-like) and @ing star
For lower-mass10g[Mgta: /(h™"Mg )] < 10.75) SATs, the

) . > o formation. Therefore, we argue that blue SATs are likelynexa
minor dlfferences VYIth CENSs of similar stellar mass, and ltek ples of newly accreted SATS, i.e. recent CENS of the moshitace
of any difference with CENs of the same mass and colour, can be 4¢creted subhaloes. If true, new SATs have not been members o

understood in terms of our selection criteria for the SAT glen$1 larger haloes long enough to alter their colour and stratqnop-
and S2. According to the hierarchical scenario of structonma- erties. This line of reasoning agrees with the absence woétsiral

tion, larger haloes housing groups and clusters are fortmedgh differences we find for the CENs and SATs in SAT sample S2.
the accretion and merging of smaller haloes. Thus, all SAgew
once the CEN galaxy in a smaller halo. Under this assumgtian, When we consider higher-mass

mass SATs tend to be redder on average than CENs of similar ste  (log[Mstar /(h™2Mg)] > 10.75) SATs (either sample S1 or
lar mass because SATs have had their star formation quetgshed S2), they have the same red colour (see lower left panel air€ig
environmental processes once they became non-CEN menflzers o [2) and highly-concentrated, large Sérsic index profileociated
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with early-type morphologies as CENs of similar mass. While
massive SATs are rare compared to their CEN counterpagsy, th
are structurally indistinguishable. In a broader sensefimeethat

all morphologically early-type SATs and CENs have the saixe s
scaling relations and that any reported differences betv@eNs
and SATs (e.d. Graham et al. 1996; Liu ef al. 2008) are agttiad!
result of comparing two populations, e.g. BCGs and non-BCGs
with different stellar mass distributions. Owing to the Banred

colours of massive CENs and SATs, there is no way to discern

recent arrivals from long-term members in larger haloes,jttis
clear that the transformation into spheroids does not djen
becoming a SAT. If that were true, we would expect massive €EN
to be disk-like when they are clearly otherwise. Rather, vgria
that the strong morphological transformation from diskpberoid

spheroid-like & 5) indices. Over a large range My, , from
small groups to large clusters, any change in thdistribution

of CENs is likely the result of the correlation betwekh:.. and
Mhalo- The fact that spheroidal CENs are found at all group masses,
and the lack of a strong dependence oNy.1, , both rule out a
distinct halo mass for producing spheroids. Moreover, theng
dependence af on Mg;ar suggests thatl., is the key factor in
determining the shape of CENs.

Similar to the light profile shape, the half-light size of CEN
depends on galaxy stellar mass and luminosity. We sepatate o
CEN sample into early and late-type galaxies by visual ioSpe
and we find ars0-L slope ofa ~ 0.83(0.62) for early-type (late-
type) galaxies with-22 < M, — 5log(h) < —20. We also com-
pare ourrso-L slope for early-type CENs with those from other

occurred at an earlier time when a massive SAT was the CEN of studies and find that there is fairly large discrepancy. @rssrep-

a smaller halo and that the local environment had no addition

ancy could result from several factors including differsamples,

impact on the structure of high-mass spheroids. We find that size measurement techniques, or early-type galaxy defisiti

the difference between disk-dominated and spheroid-datedh
structure is more directly related to the stellar mass of laxya
Clearly, there is some relationship between the mass of GiENs
their host halo mass (Figuté 1), but further study is reqguie
understand whether or not any aspect of the environmens play
important role in the transformation of disks and the prdigduncof
high-mass spheroids.

5 SUMMARY

In this paper, we study how the structural properties of reént
galaxies (CENSs) in groups and clusters depend on galaxiarstel
mass, global environment (group halo mass), and local@mvient
(central/satellite position within the host halo). We séefeom the
SDSS DR4 group catalogue (Yang el al. 2007) a statisticatiyer

To study whether the structural properties of CENs depend
on their special position at the centre of the gravitatiopat
tential well, we compare their shapes and sizes with those of
non-CEN satellite (SAT) galaxies. We find that low mass (
10.0'%7h~2M) SATs have somewhat larger median Sérsic in-
dices compared with CENSs of similar stellar mass. In addjtiow
mass late-type SATs are moderately smaller in size thartypte
CENs when matched in stellar mass, but no size differenaes ar
found between early-type CENs and SATs. We firastructural
differencedetween SATs and CENs when they aratched in both
optical colour and stellar mas3.he small differences in the sizes
of low-mass, late-type CENs and SATs are consistent with SAT
guenching as found by others (e.g., in van den Bosch et 88(20
and Weinmann et al. (2008)). The similarity in the structfrmas-
sive SATs and massive CENs demonstrates that the locabenvir
ment has no significant impact on the structure of a massiexyga

sentative sample of 911 CENs whose host halo masses span fronthat enters a denser environment and that these two pamdare

102 to 10%h~'My. We use 2D Sérsic model fits to quantify the
shape (Sérsic index) and size (half-light radius) of eadhxy. To
this end, we establish a well-tested, GALFIT-based pigetnfit
Sérsic models to SDSS imaging data in theand. We summarise
our main findings below.

We thoroughly test the performance of our GALFIT pipeline
on simulated and real SDSS galaxy image data. Our 2D fitting re
covers the structural properties of simulated galaxieh wit bias,
unlike the one-dimensional fits to azimuthally-averageth aam-
ployed for the NYU-VAGC that systematically underestimtte
total flux, size and Sérsic index of higherprofiles. For galaxy
profile fitting, we also demonstrate that the SDSS global skyé-
ferred over the SDSS local value as a background level measur
ment. We compare our fitting results with those from the NYU-
VAGC and find that our fits include light from the outer parts of
galaxies, which is missed when an overestimate of the (et
background is used. We test how this background uncertaamyg-
lates into a systematic uncertainty in the fitting paranseteving
to a strong covariance between Sérsic index, total madmitand
half-light size. This covariance affects bright and largdagies
more and could contribute to the apparent steeping in thgeslo
of the size-luminosity and size-stellar mass relationdathright
(massive) end.

We find that the Sérsic index of CENs depends strongly
on Mstar, but weakly or not at all onMy.,,. The depen-

morphologically indistinguishable.

We conclude thaM:., is the most fundamental property in
determining the basic structural shape and size of a gdiaxpn-
trast, the lack of a significant-My,, relation rules out a clear
distinct group mass for producing spheroids. This fact, ltioed
with the existence of spheroid CENs in low-mass and highsmas
groups, suggests that the strong morphological transfiiwmpro-
cesses that produce spheroids must occur at the centresugfsgr
spanning a wide range of masses.

ACKNOWLEDGMENTS

We made extensive use of the SDSS SkyServer Tools
(http://cas.sdss.org/astro/en/topls/). We appreciasefull dis-
cussions with Marco Barden, Boris Haussler and Chien Pélfeg.
thank Micheal Blanton for providing the SDSS simulationd &
useful discussions. D. H. M. and N. K. acknowledge suppornfr
the National Aeronautics and Space Administration (NASAJer
LTSA Grant NAG5-13102 issued through the Office of Space
Science. Funding for the SDSS has been provided by the Alfred
P. Sloan Foundation, the Participating Institutions, thatidhal
Aeronautics and Space Administration, the National Saenc
Foundation, the U.S. Department of Energy, the Japanese Mon
bukagakusho, and the Max Planck Society. The SDSS Web site is

dence on stellar mass is in the sense that low mass galax-http://www.sdss.org/. The SDSS is managed by the Astraphlys

ies Mstar < 10'°h™>Mg) have lower, disk-like indicesn( ~
2.0), while massive galaxied({star > 10*1°h~2M) have higher,

Research Consortium (ARC) for the Participating Institng,
which are The University of Chicago, Fermilab, the Inssatut

(© 2008 RAS, MNRASD00,[TH22


http://cas.sdss.org/astro/en/tools/
http://www.sdss.org/

for Advanced Study, the Japan Participation Group, The slohn
Hopkins University, Los Alamos National Laboratory, the Ma
Planck-Institute for Astronomy (MPIA), the Max-Planckslitute

for Astrophysics (MPA), New Mexico State University, Uniggy

of Pittsburgh, Princeton University, the United States &av
Observatory, and the University of Washington. This pudilan
also made use of NASA's Astrophysics Data System Bibliogi@p
Services.

REFERENCES

Aceves H., Velazquez H., Cruz F., 2006, MNRAS, 373, 632

Adelman-McCarthy J. K. et al. 2008, ApJS, 175, 297

Adelman-McCarthy J. K. et al. 2006, ApJS, 162, 38

Allen P. D., Driver S. P., Graham A. W., Cameron E., Liske &., d
Propris R., 2006, MNRAS, 371, 2

Bailin J., Harris W. E., 2008, MNRAS, 385, 1835

Balogh M. et al. 2004, MNRAS, 348, 1355

Barnes J. E., Hernquist L., 1996, ApJ, 471, 115

Bell E. F., McIntosh D. H., Katz N., Weinberg M. D., 2003, ApJS
149, 289

Bell E. F. et al. 2004, ApJ, 608, 752

Bernardi M., Hyde J. B., Sheth R. K., Miller C. J., Nichol R, C.
2007, AJ, 133, 1741

Bertin E., Arnouts S., 1996, A&AS, 117, 393

Blanton M. R., 2006, ApJ, 648, 268

Blanton M. R. et al. 2003, AJ, 125, 2348

Blanton M. R., Eisenstein D., Hogg D. W., Schlegel D. J,,
Brinkmann J., 2005, ApJ, 629, 143

Blanton M. R. et al. 2003, ApJ, 594, 186

Blanton M. R. et al. 2005, AJ, 129, 2562

Borch A. et al. 2006, A&A, 453, 869

Brown M. J. |, Dey A., Jannuzi B. T., Brand K., Benson A. J.,
Brodwin M., Croton D. J., Eisenhardt P. R., 2007, ApJ, 654 85

Byun Y. ., Freeman K. C., 1995, ApJ, 448, 563

Cavaliere A., Colafrancesco S., Menci N., 1992, ApJ, 392, 41

Colless M. et al. 2001, MNRAS, 328, 1039

Cooray A., Milosavljevi¢ M., 2005, ApJL, 627, L85

Cox T. J., Dutta S. N., Di Matteo T., Hernquist L., Hopkins B. F
Robertson B., Springel V., 2006, ApJ, 650, 791

de Jong R. S., 1996, A&AS, 118, 557

de Jong R. S., Simard L., Davies R. L., Saglia R. P., Burstejn D
Colless M., McMahan R., Wegner G., 2004, MNRAS, 355, 1155

Desroches L.-B., Quataert E., Ma C.-P., West A. A., 2007, MN-
RAS, 377, 402

Dressler A., 1980, ApJ, 236, 351

Driver S. P. et al. 2006, MNRAS, 368, 414

Dutton A. A., van den Bosch F. C., Dekel A., Courteau S., 2007,
ApJ, 654, 27

Faber S. M., Willmer C. N. A., Wolf C., Koo D. C., Weiner B. J.,
et al. 2007, ApJ, 665, 265

Gonzalez A. H., Zabludoff A. ., Zaritsky D., 2005, ApJ, 6185

Goto T., Yamauchi C., Fujita Y., Okamura S., Sekiguchi M., g@8m
l., Bernardi M., Gomez P. L., 2003, MNRAS, 346, 601

Graham A, Lauer T. R., Colless M., Postman M., 1996, ApJ, 465
534

Graham A. W., Driver S. P., Petrosian V., Conselice C. J.; Ber
shady M. A., Crawford S. M., Goto T., 2005, AJ, 130, 1535

Hashimoto Y., Oemler A. J., Lin H., Tucker D. L., 1998, ApJ949
589

Haussler B. et al. 2007, ApJS, 172, 615

© 2008 RAS, MNRASDOO, [TH22

Structural Properties of Central Galaxies 19

Hogg D. W. et al. 2004, ApJL, 601, L29

Hopkins P. F., Hernquist L., Cox T. J., Kere§ D., 2008, AR,
356

Kauffmann G., White S. D. M., Heckman T. M., Ménard B.,
Brinchmann J., Charlot S., Tremonti C., Brinkmann J., 2004,
MNRAS, 353, 713

Khosroshahi H. G., Wadadekar Y., Kembhavi A., 2000, ApJ, 533
162

Kroupa P., 2001, MNRAS, 322, 231

Lauer T. R. et al. 2007, ApJ, 662, 808

LiuF. S., Xia X. Y., Mao S., Wu H., Deng Z. G., 2008, MNRAS,
385, 23

MacArthur L. A., Courteau S., Holtzman J. A., 2003, ApJ, 582,
689

Maller A. H., Berlind A. A, Blanton M. R., Hogg D. W., 2008,
ArXiv e-prints, 801

Mclintosh D. H., Guo Y., Hertzberg J., Katz N., Mo H. J., van den
Bosch F. C., Yang X., 2008, MNRAS, 388, 1537

Mclntosh D. H., Rix H.-W., Caldwell N., 2004, ApJ, 610, 161

Miller C. J. et al. 2005, AJ, 130, 968

Moore B., Katz N., Lake G., Dressler A., Oemler A., 1996, Na-
ture, 379, 613

Naab T., Burkert A., 2003, ApJ, 597, 893

Naab T., Trujillo I., 2006, MNRAS, 369, 625

Peng C. Y., HoL. C., Impey C. D., Rix H.-W., 2002, AJ, 124, 266

Schlegel D. J., Finkbeiner D. P., Davis M., 1998, ApJ, 50 52

Sérsic J. L., 1968, Atlas de galaxias australes. Cordolra, A
gentina: Observatorio Astronomico, 1968

Shaw M. A., Gilmore G., 1989, MNRAS, 237, 903

Shen S., Mo H. J., White S. D. M., Blanton M. R., Kauffmann
G., Voges W., Brinkmann J., Csabai I., 2003, MNRAS, 343, 978
(S03)

Simard L., 1998, in Albrecht R., Hook R. N., Bushouse H. A.,
eds, Astronomical Data Analysis Software and Systems VII
Vol. 145 of Astronomical Society of the Pacific Conference Se
ries, GIM2D: an IRAF package for the Quantitative Morphglog
Analysis of Distant Galaxies. p. 108

Stoughton C. et al. 2002, AJ, 123, 485

Strauss M. A. et al. 2002, AJ, 124, 1810

Toomre A., 1977, in Evolution of Galaxies and Stellar Popiates
Mergers and Some Consequences. p. 401

van den Bosch F. C., Aquino D., Yang X., Mo H. J., Pasquali A.,
Mclintosh D. H., Weinmann S. M., Kang X., 2008, MNRAS, 387,
79

van der Wel A., 2008, ApJL, 675, L13

von der Linden A., Best P. N., Kauffmann G., White S. D. M.,
2007, MNRAS, 379, 867

Weinmann S. M., Kauffmann G., van den Bosch F. C., Pasquali
A., McIntosh D. H., Mo H., Yang X., Guo Y., 2008, ArXiv e-
prints

Weinmann S. M., van den Bosch F. C., Yang X., Mo H. J., 2006,
MNRAS, 366, 2

Yang X., Mo H. J., van den Bosch F. C., Jing Y. P., 2005, MNRAS,
356, 1293

Yang X., Mo H. J., van den Bosch F. C., Pasquali A., Li C., Barde
M., 2007, ApJ, 671, 153 (YO7)

York D. G. et al. 2000, AJ, 120, 1579



20 Guoetal.

0.6
0.4
0.2

NYU-GALFIT

o o
N O

©C o0 o Rk
N oo N

N
o

NYU-GALFIT = Rsg nyu/Rso,gaLrir Amag

An

ERATAE R

' |“r

I.JII |:' | 1

A N O
o O O

0O 05

NGALFIT

Log[Rsp gaLriT(@rcsec)]

1 13 15 16

MagGaLFIT

17

Figure Al. Differences between the NYU-VAGC and GALFIT Sérsic pargere fromr-band SDSS data as a function of the GALFIT Sérsic parame-
ters for our total sample of 1657 CEN+SAT galaxies. The liskew the quartiles of each distribution as in Hiy). 3. Blacknfsoare for galaxies with
|Asky| > 0.1 ADU and red points fofAsky| < 0.1 ADU, whereAsky = local sky — global sky. Note, in theleft panels it is clear that the NYU-VAGC

fitting has ann = 6 limit.

APPENDIX A: COMPARISON WITH NYU-VAGC S érsic
FITS

IBlanton et al.[(2005, hereafter 'NYU-VAGC') fit Sérsic mdsi¢o
the azimuthally-averaged 1D profiles output by the SDSS@hot
metric pipeline [(Stoughton etlal. 2002) for all SDSS DR4 gala
ies meeting the Main sample criteria. Tests show that the NYU
VAGC Sérsic fitting does well for simulated galaxies withiaput
Seérsic indexn;, < 2, a small size or a faint magnitude. But for
nin > 2 simulations, the NYU-VAGC fitting systematically under-
estimates:, 750, and total flux [see Figure 9 al. (2005)
for details]. For example, for a simulated galaxy with, = 4
the NYU-VAGC fitting underestimates these parameters byets p
cent. For comparison, our GALFIT fitting results for 850 sim-
ulated Sérsic galaxies placed in SDSS images show velg litt
bias forn;, > 4 galaxies (see Figurg] 3). Note that we adopt
the global sky value from the SDSS image header in our GAL-
FIT profile fits, while NYU-VAGC uses the local sky level. It fia
been reported that the SDSS pipeline overestimates thieslocan

dense environments (Lauer et al. 2007; von der Linden 08l 2
Adelman-McCarthy et al. ZQDS). As such, Seérsic fits basealen
estimates of the sky may result in fainter magnitudes, smnsikes
and/or lower Sérsic indices as we demonstrat{Sid.

Figure[A1 shows comparisons between our fit results and
those from NYU-VAGC for our total sample of 911 CENSs plus
746 SATs from our SAT sample S2 (s for details). Below, we
discuss in detail the discrepancies between the two fitsdlaxies
with n > 3 from GALFIT, and then for those with lower Sérsic
indices.

Al High Sérsic Galaxies

Forn > 3 galaxies, the NYU-GALFIT parameter discrepancy
for real galaxies in Figurie_A1 follows a similar trend as thde-
tween the input and fit parameters for simulated galaxiesign F
ure9o I@bs), but with an increased ampétuebr
example, the Sérsic difference (lower left panel) growsabgput
An ~ 1.3 over the intervaB < n < 6, compared withAn ~ 0.6

© 2008 RAS, MNRASD00,[1H22



over the same interval in the Blanton et al. (2005) simulketio
Here two factors are at play: one is the systematic undereti

of NYU-VAGC's 1D fitting procedure for steep Sérsic profilas
demonstrated in their test fitting using simulations. Theoad fac-

tor is the difference between the sky levels used in eactepioe.

In Figure[A2, we attempt to separate these two factors by-spli
ting the whole sample into GALFIT Sérsic index and relasky
difference hins, where the relative sky difference is tHéedknce
between the local and the global sky normalised by the Ratros
surface brightness of the galaxi€sdro = fretro/ (27730, petro)

in units of ADUs per pixel, wher¢pe:ro andrso, peiro are the Pet-
rosian flux and Petrosian half-light radius, respectivefgrn > 4
galaxies with a normalised sky difference less than 0.0Bnimg

that the sky difference is at most a minor issue,sthendrso dis-
agreements more or less reflect the systematic underestirse¢n

in the NYU-VAGC fitting of simulated galaxies. AAsky/Ipetro
increases, the NYU-GALFIT disagreements grow and we see a
trend of larger NYU-VAGC underestimates for galaxies wiidpher

n, as expected when the local sky estimate includes more of the
light belonging to each galaxy.

A2 Low Seérsic Galaxies

We have outlined how the NYU-VAGC and GALFIT methods both
do very well in fitting pure-Sérsic simulations with, < 3, there-
fore we expect minor differences when comparing fits to raklxg
ies with disk-like profiles. However, we find that the fit paiters
from the two procedures differ in two ways far< 3 galaxies, as
shown in Figur&AlL. First, the NYU-VAGC fits have systemaditica
higher Sérsic values than the GALFIT fits, which is incotesis
with the results from the simulations. Second, there is tegyatic
offset of about 0.2 mag between the magnitude of NYU-VAGC fits
and our GALFIT fits in the sense that NYU-VAGC finds fainter
fluxes. We note that the offset appears to be independent afifth
ference in the skyAsky = local sky — global sky) used in each
fitting procedure, as shown by the similarity between thgsedhll
Asky) and the black (largé\sky) points forn < 3 galaxies in
Figure[Al.

We suspect that the NYU-VAGC procedure of fitting a 1-D
Sérsic model to azimuthally averaged annuli overestim&tersic
indices for disk galaxies. We check the distribution of ss&in-
dices for the whole NYU-VAGC and find that the number of galax-
ies with0.5 < nnyu—vacc < 1.0 is much less than those with
1.0 < nnyu-_vacc < 1.5. This results in conflicts with other
observations of disk galaxies (e.g. Driver et al. 2006; van\lel
2008;| Haussler et &l. 2007). To test our suspicion, we \lisira
spect galaxies from our sample with a late-type #fit £ 2) by
GALFIT, but an early-type fit {nvu-vacc > 2.5) by NYU-
VAGC. To exclude the sky influence, we restrict our inspattio
36 galaxies witHAsky| < 0.5 ADU. At least two thirds of these
galaxies have very obvious spiral features as expecteddiaxg
ies with disk-dominated light profiles. Another 20 perceavé
disturbed morphologies or very bright nearby stars, whichld
cause spurious fits. A majority of the spirals are inclinedhwi
b/a < 0.5. As clearly demonstrated by Bailin & Hatris (2008),
nNyU-vacce IS systematically overestimated for more inclined
galaxies. This effect is the result of edge-on or inclinethgjas
having steeper azimuthally averaged radial profiles becthesav-
eraged flux from the narrow outer part of such galaxy is dea@a
by being smoothed over a large circular area.

© 2008 RAS, MNRASDOO, [1H22
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Figure A2. The NYU-GALFIT discrepancies shown in Figlire]A1 as a func-
tion of sky difference, divided into GALFIT Sérsic indexnsias shown by
the colour coding. Here the sky difference is expressed dydtio between
Asky = local sky — global sky and the average Petrosian surface bright-
ness (Petrosian quantities are directly drawn from SDS8spb

A3 Comparing Sersic Magnitude Estimates

Besides the tendency to overestimate the Sérsic indicesc-of
tual disk-dominated galaxies when using 1D fits to azimiyhal
averaged radial profiles, we also explore the offset betwiben
NYU-VAGC and the GALFIT Sérsic magnitudes in more detail.
For this exercise we use an independent measure of galaxy flux
the SDSS Petrosian magnitude, to anchor our comparisons$- of d
ferent Sérsic magnitudes from the two methods. The SDS®pho
metric pipeline calculates the flux within a circular apestequal

to two times the Petrosian radius, which provides an apprate
total galaxy magnitude. It is well known, however, that Bsian
magnitudes systematically miss some flux when applied ferelif
ent Sérsic model profiles. As shownlin Graham etal. (200%®), t
Petrosian magnitude misses very little flux foran= 1 profile,
but for ann = 4 galaxy it will underestimate the brightness by
about 0.2 magnitudes. We note thatithe Grahami et al. |(206%)-ca
lations are valid only when the sky is known perfectly. Any un
der/overestimation of the sky background will increasevease
the discrepancy between the Petrosian and the Sérsic magni
tudes. Using the formalism bf Graham et al. (2005), we ptete
Petrosian-Sérsic magnitude offsétiiag = Petrosian — Sersic)
under the influence of different amounts of overestimatibthe
real sky by subtracting a range of background pedestalsdio ea
Sérsic model before measuring the Petrosian flux. Ouag pre-
dictions for differentn are shown in Figure_A3 (top panel) as a
function of the sky overestimate\gky), normalised by the Pet-
rosian surface brightness (as in Figlre A2). When the nasexl
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Figure A3. The difference between Petrosian and Sérsic model gigantit
as a function of sky offset normalised to the Petrosian sarfarightness.
Cases with different Sérsic index are colour coded as aelitin the top
panel. Solid lines are for our predictions based on a pursiSiodel (see
text for details), for whichAsky means the imaginary overestimation of sky
background. The small squares are for each galaxy in our GR&&mple,
for which Asky means the SDSS local-global sky difference. The filled cir-
cles with error bars show the mean and standard deviationrafample in
different bins. We also compare with the mean and standaridten (tri-
angles with error bars) of the NYU-VAGC fitting parametersiet should
be plotted atAsky = 0, but are shifted a little to allow them to be plotted
on a log-scale plot.

sky difference is less thatD™, our predictions converge as ex-
pected to the values claimedlin Graham etlal. (2005). Howesger
the overestimates of the local sky increase, underestinaitéhe
Petrosian magnitude for differentgrow systematically. Likewise,
we also make predictions for the offsets between the Patra@sid
the Sérsic half-light radiiro, petro /T50,Sersic) s a function of sky
offsets and plot these in the bottom panel of Fiduré A3.

In Figure[A3, we also compare our GALFIT results for ac-
tual galaxies (small squares) to the sky dependent pred&tOur
working assumptions are: (1) a Sérsic model is a reasomaddiz|
to describe galaxy light profiles, and (2) the SDSS global isky
a good measurement of the real sky and is preferred to using th
SDSS local value. HerAsky is the local-global sky difference in
SDSS and all the Petrosian results are measured using tiskyc
In theupperpanel, we see that our fit results are close tadheag
predictions for a wide range of sky differences and Sérsiices.
We also find fair agreement between ayg results and the pre-
dictions in thlower panel of Figur€AB, suggesting that our fitting
results are self-consistent under the two assumptionseabov

Finally, we compare the NYU-VAGC results for the real data
with the predictions. Given that the NYU-VAGC fitting usesth

same local sky as the Petrosian quantities, all the galaxits
NYU-VAGC fits haveAsky = 0 by definition. Therefore, the val-
ues of Amag andrso,petro/750,3ersic fOr the NYU-VAGC Sérsic
results for our sample (triangles in FiglrelA3) should $atibe
predictions of_Graham et al. (2005). Yet, we see that the NYU-
VAGC Sérsic results are actually underestimates, on gee@m-
pared to the predictions. For example, the= 1 galaxies have
Sérsic magnitudes that are 0.1 nfamter than the Petrosian mea-
surement, which isnconsistentwith either the predictions or the
definition of the two magnitudes. By definition, Sérsic miagges

are based on a model flux integrated to infinity, thus thereois n
reason for such a magnitude to be fainter than the Petragian
ture magnitude, which only includes light our to some radius. It
is unclear why the NYU-VAGC Sérsic fitting procedure proesic
fainter magnitudes than expected, but this effect combividdthe
nonzeroAsky values explain the systematic 0.2 mag offset that we
find between the GALFIT and the NYU-VAGC Sérsic magnitudes
for n < 3 galaxies (Figur&Al). Based on the above analysis, we
conclude that if the two assumptions of our fitting are vaiid,
assuming a Sérsic model is the correct model and that theSSDS
global sky is an accurate measure of the true sky backgrdabed,
our GALFIT fitting of the SDSS data returns more accurate mea-
surements for the structural parameters of galaxies ttumetim the
NYU-VAGC.

This paper has been typeset fromgXmMATEX file prepared by the
author.
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