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ABSTRACT

We measurethe morphology{density relation (MDR) and morphology-radius relation (MRR) for
galaxiesin sevenz 1 clustersthat have beenobsened with the Advanced Camerafor Surveyson
board the Hubble SpaceTelesco. Simulations and independert comparisonsof our visually derived
morphologiesindicate that ACS allows one to distinguish between E, S0, and spiral morphologies
down to zgso = 24, correspondingto L=L = 0:21and 0:30at z = 0:83 and z = 1:24, respectively. We
adopt density and radius estimation methods that match those usedat lower redshift in order to study
the ewolution of the MDR and MRR. We detect a changein the MDR between0:8 < z < 1:2 and
that obsenedat z 0, consistert with recert work { speci cally, the growth in the bulge-dominated
galaxy fraction, fg+ so, With increasingdensity proceedslessrapidly at z 1 than it doesat z 0.
Atz 1land 500galaxiesMpc 2, we nd <f g, so>= 0:72 0:10. At z 0, an E+S0 population
fraction of this magnitude occurs at densities about 5 times smaller. The ewlution in the MDR is
con ned to densities > 40galaxiesMpc 2 and appearsto be primarily dueto ade cit of SOgalaxies
and an excessof Spiral+lrr galaxiesrelative to the local galaxy population. The f g { density relation
exhibits no signi cant ewolution betweenz = 1 and z = 0. We nd mild evidenceto suggestthat
the MDR is dependert on the bolometric X-ray luminosity of the intracluster medium. Implications
for the ewolution of the disk galaxy population in denseregionsare discussedin the context of these

obsenations.
Subject headings: galaxies: clusters: general |
structure

1. INTR ODUCTION

The study of the origin and ewolution of the morpho-
logical distribution of galaxiesin di erent ervironments
can revealimportant information about internal galactic
stellar and gasdynamics, the state of star formation ac-

1 Space Telescope Sciencelnstitute, 3700 San Martin Driv e, Bal-
timore, MD 21218.

2 Leiden Observatory, Postbus 9513, 2300 RA Leiden, Nether-
lands.

3 Department of Physics and Astronomy, Johns Hopkins Uni-
versity, 3400 N. Charles Street, Baltimore, MD 21218.

4 UCOlLic k Observatory, Univ ersity of California, Santa Cruz,
CA 95064.

5 Europ ean Southern Observatory, Karl-Sc hwarzschild-Strasse 2,
D-85748 Garching, Germany.

6 Institute for Astronomy, ETH Zwurich, Scheuchzerstrasse 7, CH-
8093 Zrich, Switzerland.

7 NASA Goddard Space Flight Center, Code 681, Greenbelt,
MD 20771.

8 Bartk o Science & Technology, 14520 Akron Street,Brigh ton,
CO 80602.

9 Racah Institute of Physics, The Hebrew Univ ersity, Jerusalem,
Israel 91904.

10 Metadiv a Scierti c.

11 Conceptual Analytics, LLC, 8209 Woburn Abbey Road,
Glenn Dale, MD 20769

12 Department of Astronomy and Astroph ysics, The Pennsylva-
nia State Univ ersity, 525 Davey Lab, Univ ersity Park, PA 16802.

13 Departmento de Astronom a y Astrof sica, Ponticia Univer-
sidad Cat lica de Chile, Casilla 306, Santiago 22, Chile.

14 steward Observatory, University of Arizona, Tucson, AZ
85721.

15 W. M. Keck Observatory, 65-1120 Mamalahoa Hwy., Ka-
muela, HI 96743

galaxies: formation |

galaxies: ewolution | galaxies:

tivit y asa function of time, and constrain the relativ e sig-
ni cance of the e ects of environmental processeversus
conditions at the epoch of their formation in establish-
ing galactic structure. In standard hierarchical clustering
models, galaxiesin high density regionsof the Universe,
such asin the certral regionsof galaxy clusters, will col-
lapse earlier and may ewolve more rapidly than galax-
ies in low density regions (Kau mann 1995; Benson et
al. 2001, Heavens et al. 2004). In addition, galaxiesin
denseernvironments are subject to a variety of external
stresseswhich are, in general,not conduciveto the main-
tenanceof spiral structure. Theseprocessesnclude ram-
pressurestripping of gas (Gunn & Gott 1972; Farouki
& Shapiro 1980; Kent 1981; Fujita & Nagashima 1999;
Abadi, Moore & Bower 1999; Quilis, Moore & Bower
2000), galaxy harassmen via high speed impulsive en-
courters (Moore et al. 1996, 1999; Fujita 1998), cluster
tidal forces(Byrd & Valtonen 1990;Valluri 1993; Fujita
1998) which distort galaxies as they come closeto the
certer, interaction/merging (Icke 1985;Lavery & Henry
1988, Mamon 1992; Makino & Hut 1997; Bekki 1998),
and removal and consumption of the gasdue to the clus-
ter ervironment (Larson, Tinsley & Caldwell 1980;Bekki
et al. 2002).

Two of key relationships that must be understood in
the context of the above processesare the relative pop-
ulation fraction of the dierent morphological classes
as functions of the local galaxy density and their loca-
tion within the local gravitational potential well. The
morphology { density relation (hereafter MDR) and
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the morphology { radius relation (hereafter MRR) have
been well studied at low-z (Dressler 1980 - hereafter
D80; Postman & Geller 1984 - hereafter PG84; Whit-

more & Gilmore 1991; Goto et al. 2003a) and quartify

many long-standing obsenations showing a preference
for spheroidal systemsto residein denseregions(or per-
haps better stated as a signi cant lack of spiral galaxies
in denseregions). A full understanding of how suc a
cosmic arrangemert cameto be requires measuring the
ewolution of the MDR and MRR. Sudc an ewlutionary

study is only possibleusing the high angular resolution
provided by the Hubble SpaceTelescog (HST). Se\eral
pioneering works have now shed light on this ewvolution

(Dressleret al. 1997{ hereafter D97; Fasanoet al. 2000;
Treu et al. 2003; Smith et al. 2004 { hereafter Sm04).
D97 and Fasanoet al. (2000) nd a signi cant declinein

the fraction of lenticular galaxies (f sg) when one looks
badk from the presert epoch to an epoch 4 5 Gyr ago.
The results preseried by Treu et al. 2003and SmO04 are
perhaps the most enlightening - they nd a smaller in-
creasein the bulge-dominated galaxy (E+S0) fraction

(fe+ so) with increasingdensity at z > 0:4 than is seen
at z < 0:1 but also nd comparable fg, 5o values for
low-density regions( < 10 galaxiesMpc 2) at z > 0:4
and the current epoch. SmO04 proposea simple model to
explain these obsenations in which high density regions
at z 1 would largely be comprisedof elliptical galaxies
with only a trace of lenticulars (e.g, 0 fgo< 0:1). They
consider various processesto transform spiral galaxies
into lenticular galaxiesin order to increasef so with time
to match the obsened morphological population frac-
tions at z  0:5. However, the Sm04 z 1 f50 mea-
suremert wasinferred from f g+gg rather than measured
directly asSm04chose(perhapswisely) not to attempt to
distinguish betweenS0and E galaxiesfrom the WFPC2
data usedin their study.

The deployment of the Advanced Camerafor Surveys
(ACS; Ford et al. 2003) on the HST has provided us
with an opportunity to greatly expand our understand-
ing of the physics behind the morphological evolution of
galaxiesin a wide variety of ervironments. The higher
sensitivity and better angular sampling of the Wide Field
Camera (WFC) on ACS relative to WFPC2 enablesthe
acquisition of high S/N morphological information for
sub-L galaxiesover projected areasof up to 10 Mpc? in
z 1 clusters, in a modest allocation of telescope time.
This is a signi cant advantage over prior capabilities and
enablesus to sample> 3 decadesin local galaxy density
using the samehomogeneougata samples.

As part of an extensive program to study the formation
and ewolution of clusters and their galaxy populations,
the ACS Investigation De nition Team(IDT) hasimple-
mented a 128 orbit program to obsene 7 distant clusters
in the redshift range 0:83 z  1:27. In this paper,
we presert new constraints on the form and ewolution of
both the MDR and the MRR in these clusters and their
surroundingsbasedon morphologiesdeterminedfrom the
ACS/WEF C imagery coupledwith extensive spectroscopic
data and X-ray obsenations. This paper is organizedas
follows: section 2 contains a brief summary of the space
and ground-basedobsenations used in this study, sec-
tion 3 preseris a detailed discussionof our morphological
classi cation procedureand an assessmetnof the reliabil-
ity of theseclassi cations, section4 preseris the methods

usedto estimatethe local projected density, and section5
preseris our derived MDR and MRR. An assessmenof
the implications of theseresultsis givenin section6 and a
summary of the essetial results is provided in section7.
Two appendicesdiscussdetails assaiated with the com-
putation population fractions that are suitably corrected
for contamination and incompletenessthe robustnessof
our density estimators, and the validity of using com-
posite samplesto enhancethe signal-to-noiseratio in the
derived MDR and MRR. We adopt H, = 70 km s !
Mpc 1, ., = 0:3,and = 0:7 for the computation of
all intrinsic quantities unlessspeci cally indicated other-
wise.

2. OBSERVATIONS

The clustersincluded in this study, along with a sum-
mary of the ACS obsenations, are listed in Table 1. The
average cluster redshift, basedon all available spectro-
scopically con rmed cluster members, is givenin column
2 of this table. The number of redshifts acquired for
galaxiesin the region of eac cluster (both membersand
non-menbers and including galaxies outside the ACS
mosaicboundaries)is listed in column 3. Column 4 lists
the number of spectroscopically con rmed cluster mem-
bersthat alsolie within the ACS mosaicboundaries. The
details of the HST ACS obsenations are givenin columns
5{ 7. The sample selection processwas limited by the
small number of spectroscopically con rmed clusters at
z > 0:8. However, we were able to include clusters with
a range of X-ray luminosities, from Ly.go < 10* ergs ?!
t0 Ly.gor= 1.9 10" ergs !. Table 2 is a compilation
of the derived X-ray properties and velocity dispersions
of these clusters. Two of the sewen clusters (the two at
R.A. = 16 hr) are optically selectedsystems, the rest
are X-ray selectedalthough RXJ0849+4452 is a binary
cluster systemin which the lessmassive componert (CL
J0848+4453) was IR-selected (Stanford et al. 1997).

2.1. ACS Observations

We used the WFC on the ACS to image eadh clus-
ter. For MS1054-0321RXJ0152-1357,RDCS1252-2927,
and RXJ0849+4452 multiple pointings were usedto con-
struct larger mosaicscovering 35 square arcminutes.
For the rst three of theseclusters, the pointings form a
2 2 pattern with all 4 pointings overlapping the certral
1 arcminute region of ead cluster - hencethe exposure
time in the certral regionsof these systemsis 4 times as
long asthe valuesgivenin Table 1. For RXJ0849+4452,
weuseda3 1 pattern in orderto obtain imagesof both
componerts of this binary cluster system. All the re-
maining targets were obsened using a single WF C point-
ing certered on the cluster.

The Iters are chosento approximately straddle the
rest-frame 4000A break in order to facilitate the identi -
cation of bulge-dominated galaxiesin the red sequenceof
the clusters. This sequencewhich is populated mostly
by elliptical and lenticular galaxieswith a strong 4000A
break, is well separatedfrom the CM relation for late-
type cluster galaxiesaswell asthat for most eld galax-
ies. In all cases,we have at least one Iter that samples
part of the rest-frame B band. We use the ACS im-
agestaken in those lters to perform our morphological
classi cations so that we can readily compare our re-
sults with morphological information obtained at lower
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redshifts (e.g., Fabricant, Franx, & van Dokkum 2000).
The Iters used are explicitly listed in Table 1. Here-
after, we will use Vgps to denote the F606W bandpass,
rezs to denote F625W, i;75 to denote F775W, lgis to
denote F814W, and zgso to denote F850LP.

2.2. Object Photometry and Classi cation

Object detection and analysis is performed using the
ACSIDT Pipeline (a.k.a. APSIS; Blakesleeet al. 2003a).
APSIS photometry is on the AB systemand is corrected
for Galactic extinction using the Sdlegel et al. (1998)
100 map. Object detection and star-galaxy discrimina-
tion is done using the dual image mode in SExtractor
(Bertin & Arnouts 1996). The detection image is an
inverse variance weighted combination of the ACS ex-
posuresfrom all available passbands. The inverse vari-
ance weighting presenes information about the struc-
tural characteristics of the galaxies (see Bentez et al.
2004 for details). In this paper, we court as galaxiesall
objectswith SExtractor stellarity parameter CLASSSTAR

0.50. The automated image structure analysis of de-
tected objects in our ACS data includes the determina-
tion of the luminosity-weighted momerts, the ellipticit y,
and the 180 rotational asymmetry and image concen-
tration parameters(e.g, Abraham et al. 1994;Conselice
et al. 2000). All magnitudescited in this study are based
on the SExtractor MAGAUTOnagnitude asit provides a
reasonableestimate of the total ux.

2.3. Spectrosmpic Observationsand Photometric
Redshifts

Spectroscopicredshifts have beenobtained for the clus-
ters in our survey, by us and others, using multiob-
ject spectrographs on the Keck, VLT, or the Magel-
lan obsenatories. The total number of redshifts and
the number of conrmed cluster members within ead
ACS mosaicare listed in Table 1. The publications con-
taining some or all of the redshift data include Tran
et al. (2005) for MS1054-0321,Demarco et al. (2004)
for RXJ0152-1357, Postman et al. (1998a, 2001) and
Gal & Lubin (2004) for the CL1604+43 system, Stan-
ford et al. (2002) for RDCS0910+5422, Demarco et al.
(2005) for RDCS1252-2927 and Rosati et al. (1999) for
RXJ0849+4452. The target selectioncriteria for the red-
shift surveys of MS1054-0321and the CL1604+43 clus-
ters were basedon a single red ux limit. The target
selectionfor RXJ0152-1357include a color-selectioncri-
terion (see Demarco et al. 2004). The spectra are of
moderateresolution (R 500 1200)and most have suf-
cient S/N to measurethe prominent spectral features
(e.g, [OIl1] line widths).

Our photometric redshifts are derived using the
Bayesian method (a.k.a. BPZ) described in Bentez
(2000) and are basedon a minimum of 3 passbands,in-
cluding all available ACS photometry. We have reliable
photo-z's for RXJ0152-1357(z = 0:837), MS1054-0321
(z = 0:831), and RDCS1252-2927z = 1:235). Photo-z's
for RXJ0152-1357are basedon the ACS rgy5, i775, and
Zgso photometry. Photo-z's for MS1054-0321are based
on the ACS Vgos, i775, and zgsgp photometry. Photo-z's
for RDCS1252-2927are based on ACS i775, zgso pho-
tometry and ground-basedBV JK photometry (Toft et
al. 2004). For the two z = 0:83 clusters, the rms scatter

1 Clusters 3

in (Zspec  Zph)=(1+ Zspec), ph, i 0.05. For RDCS1252-
2927, pn is 0.10. Only objects that have a BPZ con-
dence level of 0.90 or greater are selectedfor analysis.
Figure 1 shows the distribution of galaxieswith photo-
metric redshifts within 2 ,n of the mean cluster redshift
and galaxieswith 2 pn < jZcL  Zphj=(1+ ZcL) < 6 ph.
The cluster overdensitly is clearly seenonly when we se-
lect galaxiescloseto the actual mean cluster redshift, in-
dicating our photo-z's are usefulin signi cantly suppress-
ing fore/background contamination and isolating most of
the actual cluster members.

3. MORPHOLOGICAL CLASSIFICA TION

We visually classi ed the morphologiesof all galaxies
in eadh eld with i775 235 (for the z < 1 clusters)
or Zgso 24 (for the z > 1 clusters) regardlessof their
position or color. For reference,the characteristic mag-
nitude, m , for cluster galaxiesisiz;s = 223 at z = 0:83
(Goto et al. 2004)and zg5p = 22:7 at z = 1:24 (Blakeslee
et al. 2003b). For all our cluster obsenations, we have
at least one Iter that samplespart of the rest-frame
B band (seeTable 1) sothat morphological classi ca-
tions can be readily compared with those at lower red-
shifts. We classify galaxies using the common Hubble
sequence: E, E/SO, SO, S0/Sa, Sa, Sh, Sb/Sc, Sc/Sd,
Irr. However, for the purposesof the presen analyses,
we bin these ner classi cations into just 3 broad mor-
phological categories: E (elliptical; 5 T 3), SO
(lenticular; 2 T 0), and Sp+lrr (Spiral + Irregular;
1 T 10). The FWHM of the point spreadfunction
in our co-addedACS imagesis  0:09 arcsec(1.8 WFC
pixels), corresponding to a projected proper distance of
684pc at z= 0:831and 752pc at z = 1:27. We are thus
able to resolve sub-kpc structure in all cluster members.
At i;75 = 23.5,the typical galaxy subtendsan isophotal
areaof 400 WFC pixels or 125 (FWHM) 2, making
visual classi cation (or for that matter any classi cation
method) quite feasible. At fainter magnitudes, however,
classi cation rapidly becomedi cult and systematic er-
rors increaseboth becausegalaxiesare becomingsmaller
(e.g., Roche et al. 1998; Bouwens et al. 1998; Ferguson
et al. 2004; Trujillo et al. 2004) and becausethere is in-
su cien t areaover which the integrated S/N is su cien t
for accurate classi cation. Examples of the ACS image
quality and our corresponding classi cations are showvn
in Figures 2 and 3.

The morphological classi cation was performed on the
full sample of 4750 galaxies(in 7 clusters) by one of us
(MP). Three other team menmbers (NC, MF, BH) clas-
sied a subsetof 400 of these galaxiesto provide an
estimate of the uncertainty in the classi cations. All clas-
si ers useda common referenceset of morphologiesfrom
a low redshift B band galaxy sample as a guide. Ex-
act or majority agreemen betweenall 4 classi ers in the
overlap samplewastypically achieved for 75% of the ob-
jects brighter than i;7s = 235. Furthermore, there was
no signi cant systematic o set betweenthe mean classi-
cation for the 3 independert classi ers (as determined
using the voting schemefrom Fabricant et al. 2000) and
the classi cation by MP giving con dence that the full
samplewasclassi ed in a consistert manner.

The overall population fractions between the 4 inde-
pendent classiers exhibit only a relatively small vari-
ance. Figure 4 shows the E+SO fraction for ead classi-
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Fig. 1.| The projected distribution of galaxies with photometric redshifts that lie within 2 ,, of the mean cluster redshift are shown
in the right-hand panels for RXJ0152-1357, MS1054-0321, and RDCS1252-2927. The distribution of galaxies with photometric redshifts
in the range 2 Bh < jZc  Zphj=(1 + zcL) < 6 pp are shown in the left-hand panels. Dieren t symbols denote dieren t morphological

classi cations:

lack dots are ellipticals, grey dots are SQ's, and stars are Sp+Irr. The dashed lines denote the boundaries of the ACS

mosaics. The RDCS1252-2927 photo-z's are available over less area than the full ACS mosaic becausethey rely on NIR photometry that

covers a smaller region. The overdensities asscciated with the clusters
SO0 galaxies.

er asa function of zgsp magnitude for a color-selected
((i775 - zgsg)  0:5) subsetof galaxiesin the RDCS1252-
2927 eld. The averagerms scatter in the E+S0 pop-
ulation fraction betweenclassiers is 0:06. The average
rms scatter in the SO population fraction between clas-
si ers is about 2 times higher, 0:11. The rms in the E
population fraction is the sameasthat for the S0O's,0:11.
In other words, the population fractions are fairly robust
and the variance in these fractions is signi cantly less
than the 20 25% disagreemen level between classi-
ers on the morphological classi cation of any individual

galaxy. Not surprisingly, the combined E+SO fraction

is more robust than either the E or the SO fractions {

a quartitativ e demonstration that detecting spiral struc-
ture is a more robust skill than detecting disks. Most im-

are easily seenin the right-hand panels and are dominated by E and

portantly, there are no signi cant systematic di erences
between the classi ers. The scatter in the SO popula-
tion fraction is comparablewith ~ N uncertainties in any
given value and while counting statistics do not suggest
the minimum scatter one might expect betweendi erent
classi ers, this level of scatter indicates that our classi-
cation errors are small enough for the task at hand -
providing a uniform set of classi cations.

If our visual morphological classi cations are robust,
there should be noticeabledi erences in the distributions
of the objectively derived \form" parameters(ellipticit vy,
asymmetry, conceriration) for the E, SO,and Sp+Irr cat-
egories. Figure 5 shows the histograms of these 3 form
parameters for ead of the 3 morphological bins. Clear
di erences betweenthe distributions exist. For example,
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Fig. 2|

CL1604+4304 (z = 0:90) and their corresponding visually derived morphological classi cations.

1 Clusters 5

Color postage stamp cutouts of the brightest 49 spectroscopically conrmed members of CL1604+4321 (z = 0:92) and

The \P os Disk" classication stands

for \p ossible disk" galaxy. It is given to objects that appear to have a disk structure but the precise nature of that disk could not
established. Galaxies with the \P os Disk" classication are counted as Spirals in our derivation of the MDR. The rst 29 cells show
galaxies from CL1604+4321 and the rest contain galaxies from CL1604+4304. The galaxies from eadc cluster are shown in increasing

apparent magnitude order and span the range 20:91 775

the ellipticit y distribution of visually classi ed elliptical
galaxiesdi ers from that for visually classi ed SO galax-
iesat greater than the 99.999%con dence level. We will
usethis fact later on asa key part of our analysis. Ellip-
ticals as a classhave, as expected, a lower median ellip-
ticit y and asymmetry and a higher median conceriration
than the other two morphological classes.Ellipticals also
exhibit lessscatter about the mean values of these form
parameters. The Sp+rr classexhibits a higher meanel-

lipticit y and asymmetry than either the E or SO class.

The SO galaxies have form characteristics that are, on
average,intermediate betweenthe E and Sp+lirr distri-
butions.

Two key concernswhen performing galaxy morpho-
logical classi cation, visually or via machine algorithms,
are the e ect of surface brightness dimming and the

23:50. Each cutout subtends a 6:4 6:4 arcsecond area.

shorter rest-frame wavelengthbeingimagedwith increas-
ing redshift. The latter e ect, sometimesreferred to as
the \morphological k-correction," hasbeenstudied fairly
well (Bunker et al. 2000,Abraham & van denBergh 2001,
Windhorst et al. 2002, Papovich et al. 2003). In general,
over the redshift range being studied here, the morpho-
logical k-correction hasbeenshown to be important only
in a small fraction (< 20%) of the galaxy population and
in thosecasesijt is often more of an issueof how one char-
acterizesany existing spiral structure and not usually a
caseof missing spiral structure altogether (seereferences
above for details). Furthermore, the bluest wavelengths
we usefor our morphological classi cations correspond to
the blue end of the rest-frame B band, which is where
many lower redshift studies have beendone. Our classi-
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Fig. 3.

Color postage stamp cutouts of the brightest 49 spectroscopically con rmed members of MS1054-0321 (z = 0:831). The galaxies

are displayed in increasing apparent magnitude order and span the range 20:14 i75 22:15.

cations are never performedin the rest-frame U band.
The e ects of SB dimming are potentially of greater
concern as the ability to distinguish between adjacert
categories(e.g., E vs S0, SOvs Sa) may be compromised
at higher redshift. To test how sensitive our visual clas-
si cation schemeis to SB-dimming, we performed two
simulations. In the rst test, we \redshift* our ACSim-
ageofthe z = 0:33cluster MS1358+6245to z = 0:83and
perform visual classi cations on both the original and
redshifted versions. In the secondtest, we redshifted our
ACS image of MS1054-0321to z = 1:24 and compared
the classi cations derived for the original and redshifted
versions. The \redshifting" involved dimming the ob-
jects appropriately, resampling the imagesto accourt for
the smaller angular scale, and adjusting the noise lev-
elsto correspond to those appropriate for our exposure
times usedin the more distant cluster obsenations. Re-
classi cation of the redshifted galaxy imageswas done
in a random order and at least 3 months after the initial

classi cations to minimize \memory" of the initial classi-
cations by the classi er. Someexamplesof the original
and redshifted MS1054-0321galaxies are shown in Fig-
ure 6. The results of the comparisonsbetweenthe mor-
phological classi cations of the original and redshifted
objects are shown in Figure 7. The population fractions
obtained using the redshifted imagesare completely con-
sistert with thosein the original imaggs{ the di erences
are comparable to or lessthan the = N uncertainties.
Thus, our increasedexposuretimes for the more distant
clusterscoupledwith the high angular sampling and sen-
sitivit y of the ACS/WF C successfullymitigate the e ects
of SB-dimming and allow us to distinguish between our
3 primary morphological categories(E, S0, and Sp+lrr)

uniformly acrossthe redshift range under study.

3.1. Classication of Mergers & External Morphology
Comparisons
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Upp er panel : The E+SO population fraction as a function of zgsp magnitude for each of the 4 independent visual classi ers.

The sample used in this comparison is a color-selected sample that favors inclusion of bulge-dominated galaxies, hence the relativ ely high
overall early-t}ﬁpe population fraction. The values for each classi er are oset slightly from one another for clarity. The error bars shown

represent the

N uncertainties. The dashed line shows the mean E+S0 population fraction averaged over all classiers. Lower panel :

The RMS scatter in the E+S0O (stars) and SO (diamonds) population fractions as a function of zgsp magnitude between the 4 classi ers.

The dashed lines represert the average RMS scatter.

As we wish to measurethe MDR and MRR in forms
that can be comparedto previous work, we attempt to
provide a standard Hubble type classi cation (E, SO, or
Sp+lr) for all galaxies above our ux limits. We do
make a separate note on whether the object appears
to be undergoing a merger or tidal disruption and the
analysesof the distribution and frequency of such sys-
tems will be preseried in a separatepaper (Bartk o et al.
2005). However, for the present work, we do not clas-
sify galaxiesas merger/peculiar systems(as doneby van
Dokkum et al. 2000; hereafter referred to as vD2000) if
one of the above standard morphological categoriescan
indeed be applied to the individual objects involved in
the merger. Nonetheless,the WFPC2 study of MS1054-
0321by vD2000 provides an additional ched on the ro-

bustnessof our morphological classi cations. There are
atotal of 79 galaxiesin commonthat have morphological
classi cations by usand by vD2000. Of these,16 are clas-
si ed asM =P (merger/p eculiar) by vD2000. We classify
13 of them asbulge-dominated systems(E, SO, or S0/Sa)
and 3 as later-type spiral galaxies. The ACS cutouts of
these 16 objects are displayed in Figure 8. As can be
seenfrom this gure, the morphology of most of the sys-
tems classi ed as mergers/peculiar by vD2000 can also
reasonablybe placed into one of the E/SO/Sp+Irr  bins.
While this con rms the vD2000 conclusionthat MS1054-
0321hostsa signi cant fraction of early-type mergers, it
doesyield onedi erence (albeit perhapsa semartic one)
in the conclusionsreacded regarding the overall early-
type populations in MS1054-0321. By courting merg-
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and Sp+lrr.  The top row shows the distributions for Sp+lrr.
distributions for ellipticals.

ers/peculiar systemsasa separatecategory, vD2000 con-
cluded that early-type systemscomprisea lower popula-
tion fraction (44%) than in comparably rich clusters at
lower redshift. We concludethat the early-type fraction,

f e+ s0, iIN MS1054-0321is higher { about 73%, when one
attempts to classify cluster members (including merger
componerts) as E, SO, or Sp+irr.  Of course,the factor
is a function of local density and the above value is aver-
agedover densitiesin the range 15 < 1000 galaxies
Mpc 2. Giventhat the merger/peculiar category hasnot
routinely beenusedin the classi cation of low-z clusters,
we feelit is animportant exerciseto provide a setof mor-
phological classi cations that are assimilar aspossibleto
the low-z studies. We also agree, however, that quanti-

fying the frequency of mergersat higher redshift reveals
fundamenal information about the ewolution of cluster
galaxies. The assessmenof the early-type population

componert of MS1054-0321by us and vD2000 are ulti-

0.2 0.4
Asymmetry

0.6 0.8 0

0 02 04 06 08 1
Ellipticity

The image concertration, rotational asymmetry, and ellipticit y distributions for galaxies visually classied as elliptical, SO,
The central row shows the SO distributions.

The bottom row shows the

mately consistert, however, if one accourts for the ob-
senation that the majority of the closepairs in MS1054-
0321linclude at least one bulge-dominated member.

We compare our Hubble classications with those
galaxiesthat vD2000 did classify as E, SO, or Spiral/lrr
(i.e., excluding the M/P objects). We nd exact agree-
ment with their Hubble classi cation (when binned into
these 3 categories) 71% of the time. We swapped E or
SO classi cations 11% of the time (i.e., they called it E
and we called it SOor vice versa)and we swapped SOand
Spiral classi cations 10% of the time. The remaining 8%
were caseswhere either we or they could not make a
de nitiv e classi cation. This translatesto a 0:1 scatter
between our respective fg or fsp values, which is con-
sistert with the scatter estimated from our comparisons
betweenour ACS team classi ers.

As a further external validation of our morphologi-
cal classications, MP classi ed all galaxies from our
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Fig. 6.
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Image cutouts of 21 original (z = 0:83) and redshifted (z = 1:24) MS1054-0321 galaxies and their corresponding morphological

classi cations. The original image is on the left. The galaxies shown here are spectroscopically conrmed cluster members. The redshifted
images are constructed to match the exposure level used for our zgsp mosaic of RDCS1252-2927 (see Table 1).

ACS exposure of MS1358+6245 (z = 0:33) that were
in common with the extensive study of this system per-
formed by Fabricant et al. (2000). Agreemert between
the MP classi cations and thosefrom Fabricant et al. was
achieved 80% of the time with no systematic bias seen
in the discrepart classi cations (seeFigure 7). We thus
concludethat our E, SO,and Sp+lrr classi cation scheme
is robust and producesHubble typesthat are compara-
ble in accuracyto visual morphologicaldata usedin other
studies.

3.2. Field Morphological Population Fractions

Figure 9 shows the E, SO, and Sp+lirr fractions as a
function of zgso for galaxieseither in the eld. The data
points are the fractions derived from our ACS data and
our visual classi cations. The results in this gure are
basedexclusively on galaxieswith spectroscopicor pho-
tometric redshifts that are incompatible with their be-
ing cluster members. The grey bands show the typical
range in low-density population fractions derived from
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Fig. 7.| Left Panels: The population fractions of E and SO galaxies as a function of i775 magnitude for the cluster MS1358+6245
at z = 0:33. The population fractions shown are from Fabricant et al. (2003) (based on their WFPC2 mosaic), and from this paper
(based on the i775 ACS WFC image and a redshifted version of this image out to z = 0:83). There are no obvious systematic o sets
between our fractions and those in Fabricant et al. nor any systematic changes as we redshift the data out to z = 0:83. The dashed lines
show the population fractions obtained by averaging the results of all classiers. Righ t Panels: The population fractions in the original
MS1054-0321 ACS image and in a version redshifted to z = 1:24. The population fractions at each magnitude are o set from one another
by a small amount for clarity.

Fig. 8.] Color composite images of the 16 galaxies in common between our morphological sample for MS1054-0321 and those classi ed
as Merger/P eculiar by van Dokkum et al. (2000). Our morphological classi cation of the object centered in each cutout is indicated in the
lower left corner. The pictures here are made from the Vg6, i775, and zgso ACS/WF C images.
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local galaxy redshift surveys (e.g, PG84, D97, Goto et
al. 2003a). The local (z < 0:1) and distant (0:5< z < 1)
eld (i.e., low-density) galaxy populations appearto have
similar fractions of E, SO, and Sp+Irr systems.

4. LOCAL PROJECTED GALAXY DENSITY ESTIMA TION

We compute the local projected galaxy density in two
di erent waysto ensurerobustness- the nearestN neigh-
bors approadch used by D80 and D97 and a friends-of-
friends algorithm. Both methods yield consistent results
and we therefore present our results in terms of the near-
est N neighbors baseddensity unlessotherwise speci ed.
Appendix A provides a demonstration of the consistency
of thesetwo density estimation techniques. In the near-
estneighbor method, onecomputesthe areaof the region
containing the N nearestneighbors and then derivesthe
corresponding projected density at ead galaxy location
from the expression:

_ foorr (McL; MRer )
' ( nDX)

IX+1 !

(w(m;c) b
k=1

N bkgd

1)
where ; is the projected galaxy density about a given
galaxy, feorr (McL; MRget ) is a correction factor that en-
sures the density is always measured with respect to
a common ducial luminosity that correspondsto that
usedin low-redshift studies of the MDR, N is the num-
ber of nearestneighbors, w(my; ¢) is the selectionfunc-
tion (that can depend on magnitude and color { seeAp-
pendix B for details), Npkga is @ badkground corntamina-
tion correction (if needed), y is the solid angle of the
region corntaining the N nearestneighbors (a rectangular
regionin our implementation), and D » is proportional to
the angular diameter distance to the cluster (essetially
the cornversion betweenarcsecand projected Mpc). The
correction factor is

R

M Ret (M)dM
McL

Yer (M)dm

where Mges IS the absolute magnitude limit to which
we measure all densities, Mc is the available limit
for the cluster being analyzed, and ( M) is the galaxy
luminosity function (with M, (z = 0) = 21:28 and
= 1:22). We choose Mges to match that of the
original D80 study at z = 0 (My = 1927 for our
adopted cosmological parameters) but as we are sam-
pling lookback times over which signi cant ewolution in
the characteristic magnitude of a Schechter luminosity
function is detected, we allow Mge; to vary with red-
shift as Mget (z) = MRget (z = 0)  0:8z. For our data,
feorr liesin the range [1.2,3.0]. We usethe density de-
rived from the N = 7 nearestneighbors but the results
are not sensitive to this choicein the range5 N 10.
The badkground correction is applied only whenwe are
using samplesrequiring a statistical badkground subtrac-
tion. For samplesbasedon spectroscopicor photomet-
ric redshifts, the badkground subtraction (if neededat
all) is computed using the prescriptions described in Ap-
pendix B. Our statistical badkground correction, Nygd,
is derived from a combination of ACS and ground-based
data. We useACS obsenations of the HDF and Tadpole
Galaxy (Ben tez et al. 2004)to generatethe surfaceden-
sity of eld galaxieswhenizzs > 23:0. For izss 230,

feorr(McL; MRet ) = )

1 Clusters 11

we transform the number courts from the large| band
survey of Postman et al. (1998b) to the required ACS
bandpasses.

Density estimation is most accurate when using galaxy
samplesthat are based on spectroscopic or photomet-
ric redshift information as fore/background objects are
e ectiv ely excluded from the analyses. In caseswhere
su cien t redshift information is not available, one can
use statistically{subtracted badground corrected den-
sity estimates. Such estimatesare only reliable in dense
regions(> 80 galaxiesMpc 2) wherethe cluster popula-
tion dominatesthe counts. For referenceithe 1 error in
the eld galaxy surfacedensity at zg50=24 is 5.4 galaxies
arcmin 2, which corresponds to a projected density of
26 and 22 galaxiesMpc 2 at z = 0:83and z = 1:27, re-
spectively. The statistically-subtracted badkground cor-
rected population fractions and densitiescan be biasedif
there happensto be a signi cant overdensity in the line of
sight to the cluster. Thus, the most reliable results are
those based on sampleswith complete or nearly com-
plete spectroscopicor photometric redshift information.
In Appendix A we demonstrate that a reliable compos-
ite MDR or MRR can be derived from a combination
of spectroscopicsamples,photo-z samples,and samples
with statistically subtracted badkground corrections pro-
viding ead such sampleis limited to its optimal density
regime.

5. THE MORPHOLOGY { DENSITY AND MORPHOLOGY {
RADIUS RELATIONS AT Zz 1

We presert our MDR and MRR results in Figures 10
through 15. Figure 10 showsthe composite MDR derived
from all clustersin the sample using the best available
data. The composite MDR is derived from the spectro-
scopic samplesfor MS1054-0321and RXJ0152-1357for
densities below 1000 galaxiesMpc 2 and their photo-z
selectedsamplesfor densitiesabove 1000galaxiesMpc 2,
the photo-z sample for RDCS1252-2927(for all densi-
ties), and the statistically subtracted background results
for CL1604+4304,CL1604+4321,RDCS0910+5422,and
RXJ0849+4452. The statistically subtracted badk-
ground results are used only when 80 galaxies
Mpc 2 (roughly 3 times the amplitude of the typical uc-
tuations in the surfacedensity of fore/background galax-
ies; seesection 4). As in Sm04,we nd that the MDR
existsat z 1. The z 1 MDR results from Sm04
are shown for comparison. Our fgigo Vvs. local den-
sity results are consistert with those of Sm04to within
the 1 uncertainties: we also nd alessrapid increasein
f e+ so with increasingdensity than is seenat low redshift.
However, the elliptical fraction, fg, shows no signi cant
departures from the low redshift fg{density relation {
although, asdemonstratedin Figure 4, the classi cation
uncertainties in our fg and f 5 valuesare about twice as
high asthe uncertainties in our f g+ sg and f gp+ iy values.
The most notable di erence betweenour current results
and thoseat z < 0:2 (e.g, seeFigure 9 in Fasanoet al.
2000) is the signi cantly lower fraction of SO galaxies:
averagedover all densitieswith 30 galaxiesMpc ?,
our meanfgg= 0:20 0:12wherethe error includesboth
the uncertainties from cournting statistics ( 0:035) and
classi cation errors ( 0:11). The typical low-z f 5o value,
when averagedover the samedensity range,is 0:46 0:06
(D80, D97, PG84) { a factor of 2 higher than what is
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Fig. 9.] The population fractions of E, SO, and Sp+Irr of eld galaxies (in our survey) as a function of zgsp magnitude. The horizontal
lines show the mean values over the range 20  zgsp 24. The grey shaded regions denote the local (z < 0:15) population fractions at
low density ( < 0:1 galaxies Mpc 2). The open circles in the upper plot show the fraction of galaxies for which classi cations could not

be readily made.

found at z 1. A signicant decline in the SO pop-
ulation, relative to that seenin the current epoch, has
previously beenreported at redshifts aslow asz 0:4
(D97, Fasanoet al. 2000). Furthermore, over the range of
densitiesbeing probed in this study, f sy exhibits only a
weak dependenceon the projected density, analogousto
what is seenat similar projected densitiesat lower red-
shifts (e.g, D97). The shallower growth of f g, 5o with
increasingdensity seenat z 1 by Sm04and by us thus
appears to be due to a signicant de cit of SO galax-
ies and an excessof spiral galaxies relative to similar
ervironments in the current epoch. This provides fur-
ther support for obsenations suggestingthat it is the SO
and spiral population fractions that are experiencingthe
most signi cant changeswith time over the past 8 Gyr
(e.g, Moss & Whittle 2000;Fasanoet al. 2000;Kodama

& Smail 2001; Treu et al. 2003;SmO04).

Figure 11 shows the morphology { radius relation
(MRR) for the same composite cluster sample used in
deriving the MDR in Figure 10. For ead cluster we
have computed an estimate of ryqg, the radius contain-
ing a mean overdensity of 200 relative to a critical uni-
verse,basedon equation 8 in Carlberg, Yee,& Ellingson
(1997). The derived rypo values are listed in Table 2.
For RDCS0910+5422 and RXJ0848+4452, we assume

= 750km s 1. We still needto de ne a cluster cen-
ter for eadh system and for that we usethe certroid of
the X-ray surface brightness distribution. X-ray imag-
ing in which the hot ICM is detected with adequateS/N
levels is available for all clusters except CL1604+4321.
For CL1604+4321, we use the certroid of the distribu-
tion of spectroscopicallycon rmed members. In the case
of RXJ0152-1357,the X-ray distribution shows two well
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statistics and morphological classi cation. The previous results from low-z surveys (D80, D97, PG84, SDSS) and from z

The MDR for all clusters based on the best available data. Seetext for details. Errorbars include the uncertainties in counting

1 (SmO04) are

shown for reference. The triangular markers along the y-axis show the low-density population fractions from the SDSS (Goto et al. 2003a).

separatedpeaks(Della Cecaet al. 2000)and we thus sub-
divide the data for this cluster into two separatesamples
- aNE and SW componert - and measurethe radial dis-
tance of cluster galaxiesin ead subsamplerelativeto the
nearest X-ray peak. The low-z referencefor the MRR

is taken from Whitmore & Gilmore (1991), with their

radii converted to rygp units using our cosmologyand as-
suming a mean cluster redshift of z = 0:04 and a mean
cluster velocity dispersion of 750km s . To aid in the
comparisonbetweenthe MDR and the MRR, we provide
the approximate projected density { radius relationship
log;0( =635) 1:63(r=r200), Which is derived from our
data. This approximate relation is not particularly accu-
rate for radii lessthan 0.2r,09 and the cluster-to-cluster
variation about this relation is substartial (factorsof2 4
variation in the projected density at a given rpgp-scaled
radius), which is not surprising given the asymmetric
galaxy distributions in many of our z > 0:8 clusters(e.qg,

Figure 1). The keyfeaturesofthe MRR at z 1 arethat
(1) the bulk of the transition from a fsp+r COnNsistert
with that in the eld ervironment to its minimum value
occurswithin 0.6 209 (0:6 rop correspondsto physical
radii of 550 kpc { 1.1 Mpc for these clusters), (2) the
z 1 fgs g0 value, at a given radius, is systematically
lessthan the low-z fg+so for (r=rpg0) < 1:0, and (3) the
f so { radius relation shavsthe most signi cant di erence
from the current epoch relationship. All of thesecharac-
teristics are consistent with thoseinferred fromthez 1
MDR. Giventhe signi cant asymmetry of the galaxy dis-
tributions in someof these clusters, howewer, it is likely
that the MRR is being diluted and is, thus, not as clean
anindicator of morphological population gradients asthe
MDR for this particular cluster sample.

5.1. Evolution of the Morphology{Density Relation
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uncertain ties in counting statistics and morphological classi cation.

population fractions from the SDSS (Goto et al. 2003a).

An additional way to assesshe presenceof SOgalaxies
in clustersis to characterize the E+S0 ellipticit y distri-
bution, as was done by D97. As shown earlier in Fig-
ure 5, the ellipticit y distributions of lenticular and ellip-
tical galaxiesdi er substartially. For the full ACS galaxy
sampleshown in Figure 5, the hypothesisthat the E and
SOellipticit y distributions are drawn from the samepar-
ent population is rejected at greater than the 99.999%
con dence level. Thus, if the z 1 bulge-dominated
cluster galaxy population were truly dewvoid of a signi -
cant population of SOgalaxies,the ellipticit y distribution
of the E+S0 galaxieswould more closelyresenble that of
pure ellipticals and would not include a signi cant com-
ponert of objects with ellipticities beyond 0.5. Figure 12
shows the ellipticit y distributions of the E+SO cluster

The Morphology { Radius relation for all clusters basedon the best available data. Seetext for details. Errorbars include the

Cluster centers are determined from the centroid of the X-ray surface
brigh tness distribution except for CL1604+4321, where the centroid of the distribution of con rmed spectroscopic members is used instead.
The solid line is the low-z morphology { radius relation from Whitmore & Gilmore (1991), converted to rzgp units assuming a mean cluster
redshift of z = 0:04 and a mean cluster velocity dispersion of 750 km s 1. The triangular markers along the y-axis show the low-density

galaxy populations for three of our z > 0:8 cluster galax-
ies along with galaxiesfrom v e clusters with redshifts
in the range 0:25 z 0:55. To make a fair compari-
son of thesetwo cluster samples,we must selectobjects
that lie in similarly denseernvironments. Therefore, the
galaxiesusedin this comparisonare all selectedfrom en-
vironments where the local projected density is 100
galaxies Mpc 2. The z > 0:8 sample used here con-
sistsof the photo-z selectedcluster membersin RXJ0152-
1357,MS1054-0321,and RDCS1252-2927.We limit the
z > 0:8 cluster sample to the three clusters with good
photo-z data to ensurewe are selecting probable cluster
members. The z < 0:6 cluster data are from GTO ACS
obsenations of 5 strongly lensing clusters in the range
0:25 z 0:55 (HST PID #9292). The 5 clusters are
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Zw1455+2232 (z = 0:258), MS1008 1224 (z = 0:301),
MS1358+6245 (z = 0:328), CL0016+1654 (z = 0:54),
and MS J0454-0300(z = 0:55). Visual classi cation of
all galaxieswith i77s 225 in ead z < 0:6 cluster ACS
imagewasperformedby MP. The rest-frame wavelengths
sampledby the iz75 Iter for 0:25 2z  0:55typically lie
in the V band, thus any \morphological" k-corrections
betweenthis sample and the z > 0:8 sample should be
small. A total of 798 galaxieswere classied in the v e
Z < 0:6 clusters. As the low-z ACS imageswere all sin-
gle pointings certered on the cluster core, the vast ma-
jority of the E and SO galaxiesidentied are likely to
be cluster members. For reference,the ACS/WF C sub-
tends 800 kpc at z = 0:26 and 1.3 Mpc at z = 0:55.
A Kolmogorov-Smirnov test nds that the distribution

of ellipticities of E+S0 galaxiesin the z > 0:8 clusters
is inconsistert with being drawn from a pure elliptical

ellipticit y distribution at the 97.0% con dence level. A
Wilcoxon rank-sum test, which is better suited to mea-
suring di erences in the meanvaluesof two distributions

than a KS test, nds the E+SO and E galaxy distribu-

tions for the z > 0:8 clustersdier atthe 3.1 level. We
thusreject the hypothesisthat there are no SOgalaxiesin

denseernvironments at z 1. The E+S0 and E galaxy
ellipticit y distributions for the 0:25 z  0:55 cluster
sample are inconsistert with ead other at the 99.998%
con dence level.

We can alsoapply arobust test (i.e., onethat primar-
ily relieson our ability to distinguish only betweenE+S0
and Sp+lrr) in an attempt to constrain the evolution of
the SO population by comparing the z > 0:8 E+SO0 el-
lipticit y distribution with that for the 0:25 z  0:55
cluster galaxy sample. The cumulativ e distribution func-
tions for the E+SO0 ellipticities in the two di erent cluster
samplesare shown in the top panel in Figure 12. The
ellipticit y distributions for the 0:25 z  0:55 and the
z > 0:8 cluster samplesare, however, completely con-
sistert with one another (KS test rejects inconsistency
only at the  10% con dence level), suggestingthat, at
least in these particular samples, any ewolution in the
relative E and SO population fractions doesnot manifest
itself as a signi cant dierence in the E+SO ellipticit y
distribution. It is possible that with larger and more
homogeneouslyselectedcluster samplesover a range of
redshifts this test would provide a quite objective way to
measurethe ewolution of the morphological population
fraction in denseervironments.

The fe+so as a function of lookbadk time and local
density is shown in Figure 13. This gure is modeled af-
ter Figure 3 in Sm04. The SmO04results are reproduced
for referencein the lower panel of Figure 13. The upper
panel of Figure 13 shows the analogousresults for our
ACSz> 0:8and 0:25 z 0:55 cluster samples. The
results in the upper panel are basedon the mean popu-
lation fractions within logarithmic density bins 0.4 units
wide certered at 10, 100, and 1000 h3; galaxiesMpc 2.
Our fg4 5o valuesare in good agreemen with the Smo04
values - any di erences are comparable with the uncer-
tainties. We corroborate the key obsenational result of
the Sm04 study that the most signi cant di erences be-
tween the MDR at low redshift and high redshift are
con ned to regionswherethe projected galaxy density is
larger than 40 galaxiesMpc 2. While the agreemen
is re-assuring given the signi cant overlap of the clus-
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ters usedin the two programs, and bolsters the concept
of using visual morphological classi cation in compara-
tive studies at high-z, there is also signi cant room for
reducing the existing uncertainties that will be achieved
only whenamuch (10 ) larger sampleofz 1 cluster
galaxy morphologiesis available. Our derived population
fractions as a functions of projected density and radius
are alsoprovided in Tables3 and 4 for easyreference.As
noted above, our results suggestthat the obserned MDR
ewvolution is primarily drivenby ewolution in the fractions
of SOand Sp+Irr galaxies.

5.2. A Correlation between fg+ 59 and Ly ?

Our sampleexhibits a potentially interesting trend be-
tween the early type population fraction and the clus-
ter bolometric X-ray luminosity. The bulge-dominated
galaxy population fraction in clusters with high X-ray
luminosity (Lx:gor 15 10% h,# erg s 1) is higher
than that in low X-ray luminosity (Lx.go 3 10 h,{
ergs 1) clusters, even at the highest projected densities.
This is demonstratedin Figure 14. Here we show f g+ so,
fe, and fgo as a function of the bolometric X-ray lumi-
nosity for the galaxieswithin ryoo for ead cluster. D80
found a modestincreasein f 5o, a corresponding decrease
in fsp+ i, and no changein fe in his sub-sampleof 8
high X-ray emitting clusters relative to the full sample
of 55 clusters. Least square, error-weighted, ts to the
trends in Figure 14 give

0:33 0:09
fe+ so/ Lx;Bol

0:15 0:09
fE/ I—x;BoI

0:18 0:09
fso/ Lx:Bol

The linear correlation coe cients for the ts to the
log(Lx;Bol)  fE+so, l0g(Lx;eat) fe, and log(Lx;gol
) fso data are 0.82(97.6% CL), 0.84(98.2% CL), and
0.75(94.8% CL), respectively. The correlations are sig-
nicant at the 2 3 level.

A correlation between fg, o and Ly could, in prin-
ciple, be produced either as a consequenceof environ-
mental interactions subsequen to the formation of the
cluster galaxies and/or as a result of the initial condi-
tions presen at the time of their formation. In a sim-
plied exampleof the former scenario,the ram-pressure,
Pram , acting on a galaxy moving through the intracluster
medium (ICM) is proportional to v 2. If the ICM is in
hydrostatic equilibrium, then the bolometric X-ray lumi-
nosity, Ly, is proportional to 2 T,}*2 R3 (e.g, Ettori et
al. 2004). The total massof the system, My , is propor-
tional to Tx>? and is also proportional to v2. The same
family of scaling laws gives L/ T2, although obsena-
tionally a steeper relation is found whereL,/ T,%® (e.g,
Ponman et al. 1996;Mulchaey & Zabludo (1998); Xue
and Wu (2000)). These relations can be manipulated
to yield Pyam / LY ® %1, where the exponert value de-
pendsonthe exponert inthe Ly, Ty relation. The ram-
pressureis stronger within more luminous X-ray clusters.
Therefore, if ram-pressurestripping were the dominant
medanism responsible for the origin of SO galaxies in
clusters, f g+ sp should exhibit a positive correlation with
Lx. Howewver, many previous obsenations, including the
relatively weak dependenceof f 5o on projected density,
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The distribution of ellipticities for the bulge-dominated galaxies that are likely cluster membersin 2 dieren t redshift ranges.

The lower redshift cluster data are also based on ACS imaging and come from observations of 5 strongly lensing clusters in the range

0:25 z

0:55. See section 6 for details. The z > 0:8 galaxies are from our photometric redshift sample for the clusters RXJ0152-

1357, MS1054-0321, and RDCS1252-2927. The E+SO ellipticit y histograms are drawn with thick lines. The elliptical galaxy ellipticit y
distributions are represerted by the light grey shaded histograms. The uppermost panel shows the cumulativ e distribution functions for

the ellipticities of the E+SO galaxies in ead cluster sample.

strongly suggestthat ram pressurestripping alonecannot
explain the morphologicalmix in clusters(e.g., D80; D97;
Kodama & Smail 2001; Okamoto & Nagashima2003).
Alternativ ely, a positive correlation betweenf g, o and
L could be producedasa consequenc®f simple dynam-
ics - the most massiwe (and, hence,most X-ray luminous)
clusters will collapse earlier and any ervironmentally-
driven processeghat produce bulge-dominated galaxies
will therefore have beenactive for a longer period of time
at any subsequen redshift. This simple timescale argu-
ment could result in a positive correlation between the
fraction of early-type galaxiesand obsenational proxies
for cluster mass, regardlessof whether or not the e -
ciencies of the transformation processesare correlated
with the properties of the ICM. However, this would only
be true if the timescalesrequired to establish a signi -

cant population of early-type galaxies were long com-
pared to the collapsetime. If the timescale for estab-
lishing the early-type population were comparableto the
collapsetime (i.e., if deeper potential wells are \b orn"
with a higher early-type population fraction), then the
fe+so Ly relation may betelling us more about cluster
and galaxy formation processeghan about the cluster
ewolution process.

As the results in Figure 14 are based on only 7
clusters and as the signi cance of the correlations are
only signi cant at the < 3 level, we refrain from over-
interpretation. Indeed, the correlations between f g, s
and Ty and f g+ sp and cluster velocity dispersion, , are
not signi cant (see Figure 15). In the literature, the
mass dependenceof cluster galaxy ewolution has been
a subject of debate. For example, Fairley et al. (2002)
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The evolution of the MDR reported by Sm04. Lookback times have been transformed to compensate for the small

di erence betweenthe cosmology in Sm04 and that adopted in this paper - speci cally , our choice of a slightly larger Hubble constant (70
vs. 65). The dashed lines represerting the change in fg. go with time at the 3 dieren t density regimes are reproduced in all three panels

for reference. Top: Our derived E+SO fractions at projected densities corresponding to < 10, 100, and 1000h§5 galaxies Mpc 2 (to match

SmO04) for our combined z 1 cluster sample and our 0:25 z
low-density population fractions.

studied eight X-ray selectedclustersand did not nd any
dependenceof the blue galaxy fraction on Ly { a trend
that might be expectedif fg+so correlated with Ly. De
Propris et al. (2004), using a larger sample of 60 clus-
ters from the 2dF Galaxy Redshift Survey, nds that the
blue galaxy fraction doesnot depend on the velocity dis-
persion of the cluster galaxies. However, there is tenta-
tive evidencethat cluster integrated star formation rates
(e.g, Finn et al. 2004)correlatewith T and Ly (Homeier
et al. 2005), which is presumably a dependenceon cluster
mass. Furthermore, Zabludo & Mulchaey (1998) found
that groups of galaxies exhibit a strong correlation be-
tween the bulge-dominated galaxy fraction, fg: so, and
the group velocity dispersion. And while the speci ¢ re-
lation they found cannot be extended to very massive
clusters (their predicted fg+sp reachesa value of unity

0:55 cluster sample. The latter sample is not suitable for measuring

at a velocity dispersionof 700 km s 1), it doessug-
gest that groups of galaxies have a positive correlation
betweenf . 5o and Ly through the obsenational relation
Ly/ #2 (Mulchaey & Zabludo 1998). Margoniner et
al. (2001) and Goto et al. (2003b) nd that blue fractions
of cluster galaxies are lower for richer clusters, a result
that is consistert with a positive fg+ 59 Ly relation-
ship.

The signi cance of the fgs 5o L« relation clearly
needsto be studied using a larger sample so that sub-
division by mass(or a suitable obsenational proxy for
mass)can be conductedfor a far greater number of clus-
ters. The HST/A CS snapshot program of 73 homoge-
neouslyselectedX-ray clusters (ID#10152, M. Donahue,
P.l.) should provide the sample neededto assessthis
relation in the range 0:3 < z < 0:7. If a signicant
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ferso Ly relation is ultimately found, oneimplication

is that the MDR and its ewlution may be dependert on
the total cluster mass. Certainly on galaxy-massscales,
there is evidencethat the star formation processoccurs
more rapidly in systemswith higher stellar mass (e.g.,

Heavens et al. 2004). For the presert sample, correla-
tions betweenthe fraction of early type galaxiesand the
X-ray properties of the clusters provide, at best, a strong
inspiration to study the trends with samplesexplicitly

gearedto investigate this relationship.

6. DISCUSSION

As originally discussedby Tully and Shaya (1984), the
measuremen of the evolution in the MDR is a signi cant
step in understanding the relative roles of environment
and initial conditions in establishing morphological pop-
ulation gradients. The lessrapid growth in the bulge-
dominated galaxy population with increasingdensity (or
decreasingradius) that is seenat z 1, implies that en-
vironment must play an important role in the establish-
ment of the current epoch MDR. SmO04 explore a range
of morphological transformation scenariosbasedon the
expression;

Nz=0:5 Ne
. + 3
=0:5 Nz=1 Nz=1 ®)

where fso.,-; is the SO population fraction in clusters
atz= 1, fesso,-; is the E+SO fraction in clusters at
z = 1, fe,-.5 is the elliptical fraction in clusters at
z = 0:5, N, .5°N,=; isthe ratio of the number of galax-
iesin clustersat z= 0:5to that at z= 1, and Ng is
the changein the number of cluster ellipticals between
z = 1landz = 0:5. By combining varying amourts of in-
fall (including infall of early-type galaxies), mergers,and
cannibalism, Sm04 nd that for reasonablelevels of eath
processthe fsp at z = 1 is typically lessthan 0.1. The
exceptionis for the casewherethere is no infall and 10%
of the spiral galaxiesmergein pair-wise manner to form
ellipticals. In this case,the model predicts f sp= 0:18 at
z = 1. The degreeto which our obsenations con ict
with the predictions for very low SO population fractions
in z = 1 clustersis, of course,directly tied to the uncer-
tainty in our f 5o measuremens. Our meanSOpopulation
fraction is inconsistert with being zeroat about the 90%
con dence level, which is not strongly in con ict with the
SmO04predictions for f so.,-; . However, giventhat the el-
lipticit y distribution of the E+S0 galaxiesin the z 1
clusters is inconsistert with being drawn from a popu-
lation dominated largely by pure elliptical morphologies
and given that we do get ameanfgy of 0:20 0:12 for
30 galaxiesMpc <, we investigate minor variations
to the Sm04 scenariothat can increasein the predicted
SO population fraction at z 1. An obvious choiceis to
explore reasonablemodi cations of the value of fg., g 5.
SmO04adopted fg.,-5.5= 0:6. However, we nd that for

100galaxiesMpc 2 avaluein the range0:4 0.5 ap-
pearsto be closerto what the data suggest. Decreasing
fe.,=0.5 t0 0.5 increasesthe range of the SmO04 predic-
tions to 0:09 fso,-; 0:28 for the models considered.
This would make their predictions and our meanf gq val-
uesconsistert within 1 . However, doing sodoeschange
the conclusionsof Sm04a bit - namely that 50% of the
lenticulars in clusters could already be in placeat z= 1

fsoz-1=fe+rso,=1 fE

and that the remaining half form largely betweenz 0.5
and the present epoch.

Di erent morphological transformation mecanisms
operate in di erent ervironments and, thus, by identify-
ing the radius or density wherethe morphology of cluster
galaxiesstart to change,we can hope to identify the un-
derlying physical mechanisms. The breaksin the MDR,
rst characterized by PG84 and more recertly by Goto
et al. (2003), suggestdi erent processesre probably re-
sponsible for the origin of elliptical and SO galaxies. For
example, ram-pressurestripping (Gunn & Gott 1972)is
only ecient within the cluster core (typically . 250
kpc) wherethe ICM density is high enoughto allow the
dynamic pressureto overpower the gravitational restor-
ing force of interstellar gasin a galaxy's disk. Figure 11
indicates that the fraction of elliptical galaxiesstarts to
increaseinwards of 0.6 rygo, oOr in terms of local galaxy
density, at around 70 galaxiesMpc ? (Figure 10). This
ervironment matches that where the population frac-
tion of Sp+Irr galaxies starts to decline. The scale of
0.6 rogp for the onset of the transition betweenthe low-
density eld population and that in high density regions
is in agreemen with previous low redshift obsenations
(e.g, Kodama et al. 2001; Treu et al. 2003; Goto et al.
2003b). At distancesbeyond 250kpc or so,ram pressure
becomesmuch lesse ectiv e as a morphological transfor-
mation processand thus other environmental processes
must play a signi cant role in the establishmen of the
MDR and MRR (e.g, Treu et al. 2003). Galaxy-galaxy
merging, for example, is most e ectiv e when relative ve-
locity of galaxiesare comparableto the rotation of galaxy
itself (200 km s 1) and is thus likely to be most ef-
fective in regionsfar from the cluster core. Galaxies be-
yond 5 Mpc from the cluster certer will, at z 1, not
yet have had su cien t time to traversethe cluster core
and should, therefore, not experiencetidal stripping or
tidal triggering of the star formation due to the cluster
gravitational potential.

The lack of any signi cant redshift dependencein the
fe { density relation coupledwith the signi cant changes
with redshift seenin the fgo { density relation suggest
that the origin of the MDR and MRR in high density
regions is most likely determined by two distinct pro-
cesses: (i) formation of elliptical galaxies at the clus-
ter core,which occurred at redshifts signi cantly greater
than unity and (ii) the formation of SO galaxies, which
appears,for at leasthalf of the lenticulars, to bea process
that is still underway even at redshifts aslow asz  0:5.
Evidence for di erent formation timescalesfor elliptical
and SO galaxies comesfrom other types of studies as
well. For example, the analysis of the color-magnitude
relation (CMR) in RDCS1252-2927by Blakesleeet al.
(2003) nds that the obsened scatter in the CMR for
S0 galaxiesin that system is consistert with relatively
recert or even on-going star formation activity whereas
the CMR for elliptical galaxiesin this z = 1:24 cluster is
compatible with no signi cant star formation activit y for
morethan a Gyr. In addition, Poggiarti et al. (1999) and
Goto, Yagi, Tanaka, & Okamura (2004) derive shorter
ewolutionary timescalesfor blue to red spiral transfor-
mation than for red spiral to red elliptical transforma-
tion, consistert with the hypothesisthat transformation
of a galaxy's spectral energydistribution typically occurs
more rapidly than morphological transformation.
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classi cation.

A fundamertal question that remains is whether or
not the MDR and MRR depend on luminosity. It is well
establishedthat intrinsically luminous, red galaxiesare
almost always elliptical and, hence,at somelevel limiting
the analysesof the MDR to intrinsically luminous galax-
ies may produce a dierent relationship between mor-
phology and projected density than found in a sample
containing a broader range of luminosities. Tanaka et al.
(2005) demonstrate that there is indeed a changein the
MDR at z < 0:07 as a function of luminosity basedon
an analysisof  20;000 SDSSgalaxies. They nd that
galaxiesfainter than M, + 1 do appear to have a dif-
ferent MDR at low densitiesthan brighter galaxies. We
have divided our spectroscopicsamplesfor MS1054-0321
and RXJ0152-1357into four apparert magnitude ranges
i775 22 i775 22:5; i775 23, and i775 235 corre-

sponding to M M,s 03 M M,.5+ 0:2; M

M., + 0:7; and M M5 + 1:2. We nd no sig-
nicant dierence betweenthe MDR derived for these
4 samples. If the luminosity dependenceof the MDR
doesnot exhibit strong ewolution, then our current sam-
ple does not go deep enoughat z = 0:83 to accurately
measurethe dependence. Our failure to detect any lu-
minosity dependencein the MDR in our z = 0:83 spec-
troscopic sampleis thus not inconsistert with the work
doneat low redshifts. Furthermore, our surveyis not well
suited to studying densities below 30 galaxies Mpc 2,
well above the density where the Tanaka et al. (2005)
nd the strongest luminosity-dependert e ects. All we
can concludefor now is that for > 30 galaxiesMpc ?
and for M < M,,5 + 1.2 the z = 0:83 MDR is not
sensitive to luminosity. The caveat to this conclusionis
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Fig. 15.| The bulge-dominated galaxy population fraction, fg. so, within a radius corresponding to rppo as a function of the X-ray gas
temperature and cluster velocity dispersion. Names of the individual clusters are shown. Errorbars include the uncertainties in counting

statistics and morphological classi cation.

that our i;7s data at z = 0:83 samplesthe rest-frame
B band. It may bethat galaxiesselectedaccordingto a
redder rest-frame luminosity will show a di erent trend.

The underlying goal of studying the MDR as a func-

tion of luminosity is, of course,to assesghe dependence
of the MDR on galaxy mass. We are assenbling NIR

photometry for our cluster galaxiesto provide more ac-
curate stellar massestimates and we will explore trends

betweenmorphology, density, rqp, and galaxy massin a
future paper.

7. CONCLUSIONS

We have performed deep, multiband obsenations with
the ACS/WF C of 7 clusters with 0:83 z  1:27 to
study the morphological composition of the galaxy pop-
ulation over 3 decadesof local density and out to radii
of up to 2 Mpc from the peak of the X-ray emissionfrom
the ICM. The key results are:

1. The high sensitivity and angular sampling of the

ACS/WF C enable reliable visual distinctions to
be made betweenthe major morphological galaxy
classeqE, SO, Sp+Irr) downto 0:25L=L in the
range0:8< z < 1:3.

. We con rm the results of Smith et al. (2004) that

a morphology { density relation existsat z 1.
We also explicitly conrm the lessrapid growth in
f e+ so with increasingdensity and that the change
in the slope of the MDR is due primarily to changes
in the high-density population fraction. A atten-
ing of the fg. sp { density relation with increasing
redshift can be a consequencef ervironmentally-
driventransformation of galaxiesfrom late to early-
types. Our new results provide direct measure-
mernts of the lenticular population fractionatz 1
and we conclude that the obsened di erences in
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the morphology { density relation at z 1 aredue
primarily to a de cit of SO galaxiesand an excess
of Sp+irr galaxiesrelative to the local galaxy pop-
ulation. The fg { density relation doesnot appear
to ewolve over the range 0 < z < 1:3. A deeper
understanding of the implications of these results
for models of galaxy and cluster formation will re-
quire further exploration of the dependenceof mor-
phological population fractions on galaxy massand
an assessmen of the frequency of cluster galaxy
merger activit y.

. The MDR at z = 0:83is not sensitive to the rest-
frame B band luminosity for galaxieswith lumi-
nosities brighter than M+ 1:2 and in regionswith

> 30 galaxiesMpc 2. Work doneat low redshift
suggests,however, that luminosity e ects may be
more pronouncedat fainter luminosities and in re-
gions of lower density. Our presert survey is not
well suited to studying theseregimes.

. We directly measurethe lenticular population frac-
tion and nd fsp= 0:20 0:12 when we average
over densities with 30 galaxiesMpc 2. The
error in f 5g includescontributions from both count-

ing statistics ( 0:035) and errors in our ability to

visually classify lenticular galaxies ( 0:11). Our
z 1 fgo value is about a factor of 2 lessthan

the f 5o seenin similarly denseervironments in the
local universe but is comparable to what is seen
at 0:4 < z < 0:5. Our 20% population fraction of
S0 galaxiesis higher than almost all of the scenar-
ios proposedby Smith et al. (2004) to explain the
shallower fe.s0 { density relation { they predict
fso< 0:1. Howewer, a small reduction in the ellipti-

cal population fraction at z = 0:5 adopted by Smith

et al. (2004) from fg= 0:6 to fg= 0:5, a value that

appearsto bein better agreemen with the obsena-
tions, is su cien t to increasetheir predicted z = 1
SO0 population fractions to 0:2  0:1, overlapping
our measuremen The distribution of ellipticities

in z > 0:8 bulge-dominated (E+SO0) cluster galaxies
is inconsistert with an ellipticit y distribution that

would arisefrom a sampleconsisting solely of ellip-

tical galaxies. In other words, our results suggest
that rich clustersat z 1 most likely have a signif-
icant population of lenticular galaxiesand, there-
fore, a signi cant percertage of lenticular galaxies
could have formed at redshifts z > 1:3.

. We measurethe morphology { radius relation and
nd its evolution is consistert with that seenin the
morphology { density relation:

(a) the bulk of the transition from a f gp+ iy coN-
sistert with that in the eld ervironment to
its minimum value occurs within a radius of
0.6ry00 (which corresponds, on average, to
densities > 70 galaxies Mpc 2 and to phys-
ical scaleslessthan  750kpc),

(b) the z 1 fewso value, at a given radius, is
systematically lessthan the low-z fg. 5o for
radii lessthan  rypg, and

(c) the fgo { radius relation shows the most sig-
ni cant di erence from the current epoch re-
lationship.

However, elongation of and clumpiness in the
galaxy distributions for many of our z > 0:8
clusters makes interpretation of the azimuthally-
averaged morphology { radius relation more dif-
cult (and perhaps less meaningful) than trends
between morphology and local density.

6. We nd that the bulge-dominated galaxy popula-
tion fraction, fe.so, is mildly correlated with the
bolometric X-ray luminosity of the cluster. Clus-
ters with high X-ray luminosities have higher f ¢ so
values within rygp than clusters with lower X-ray
luminosities. In the presen sample, the trend is
signicant at the <3 level . A correlation be-
tweenf g, so and bolometric X-ray luminosity can
arise as a consequenceeither of environmentally-
driven transformation processesor initial condi-
tions. However, we do not nd signicant corre-
lations betweenf g, 5o and the X-ray temperature
or cluster velocity dispersion. A de nitiv e study
of the relation betweengalaxy population fraction
and cluster X-ray properties will require the analy-
sisof large homogeneouslyselectedcluster samples.
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TABLE 1
Summary of Spectr oscopic and HST Obser vations

Mosaic Area
Cluster Redshift N; Nz.crac s | (sq.arcmin) [Filter (Exp. Time in ksec) HST ID
MS 1054 0321 0.831 327 143 35.5 Veos (2.0), i775 (4.0), zgso (4.0) (9290, 9919
RXJ 0152 1357 0.837 123 93 36.5 o5 (4.8), i775 (4.8), Zsso (4.8) 9290
CL 1604+4304 0.900 107 20 12.0 Veos (4.8), lgia (4.8) 9919
CL 1604+4321 0.921 130 31 12.0 Veos (4.8), lg1a (4.8) 9919
RDCS 0910+5422 1.101 10 10 12.2 i775 (6.8), zgso (11.4) 9919
RDCS 1252 2927 1.235 180 31 32.7 i775 (7.2), zgs0 (12.0) 9290
RXJ 0849+4452 1.266 90 16 33.7 i775 (7.3), Zgso (12.2) 9919
TABLE 2

Summary of Cluster X-ra 'y and Kinematic Data

L« L x;Bol Tx r200 X-ray Data |Vel. Disp.
Cluster (10 h 2 ergs ') (10“ hergs }) (keV) (km s 1) (h,' Mpc)| Reference |Reference
MS 1054 0321 778 04 1643 0.8 8:0%; 1153 80  1.79 1,2 10
RXJ 0152 1357 574 06 1857 1.9 6:46™,17 919 168  1.42 2,3 11
CL 1604+4304 0.86 0.13 201 03 2:51"°% 989", 1.48 4 12
CL 1604+4321 < 0:7 649" 0.95 12
RDCS 0910+5422 0.78  0.09 214 03 7:20"%4 0.99° 5
RDCS 1252 2927 1.90 0.3 6.60 1.1 6:50 0:5 760" 0.94 6, 7 13
RXJ 0849+4452 141 03 2.85 06 5:80"%% 0.912 8, 9
ar,09 based on assumed = 750km s !

1Gioia et al. 2004; Donahue 2004, priv. comm.
2Romer et al. 2000
SDella Ceca et al. 2000
4Lubin et al. 2004
5Stanford et al. 2002
6Rosati et al. 2004
"Lombardi et al. 2005
8Rosati et al. 1999
9Stanford et al. 2001
10Gijoia et al. 2004

1 Demarco et al. 2004
12Gal & Lubin 2004
13Demarco et al. 2004a
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TABLE 3
Popula tion Fra ctions as a Function of Projected Density

Cluster or logo ()

Sample N() [(Gals Mpc 2) fEvs0 fe fso f Speirr

z 1composite | 136 1.30 045 011 | 032 014 | 013 014 | 056 0.11
220 1.60 035 009 | 022 013 | 013 013 | 065 0.09
237 1.90 053 009 | 031 013 | 022 013 | 047 0.09
138 2.20 062 010 | 039 014 | 023 014 | 038 0.10
87 250 071 012 | 047 015 | 024 015 | 029 0.12
24 2.80 065 021 | 053 023 | 012 023 | 035 021
14 3.10 087 027 | 071 029 | 016 029 | 012 027

z 1 comp osite 185| 1.06 0.2 030 010 | 0.24 013 | 006 0.13 | 0.70 0.10
595| 2.06 0.2 051 007 | 031 012 | 020 0.12 | 049 0.07

38| 3.06 0.2 073 017 | 059 020 | 014 020 | 027 0.17
z < 0:6 composite| 435| 206 0.2 063 008 | 034 012 | 029 0.12 | 037 0.08
66| 3.06 0.2 080 014 | 050 047 | 030 017 | 0.20 0.14

MS 1054 0321 79 2:00 080 013 | 049 016 | 031 016 | 020 0.3
RXJ 0152 1357 63 2:00 081 014 | 056 017 | 025 017 | 020 0.14
CL 1604+4304 62 2:00 053 014 | 033 017 | 020 0.7 | 047 0.4
CL 1604+4321 86 2:00 039 012 | 025 015 | 014 045 | 0.61 0.2
RDCS 0910+5422 43 2:00 050 016 | 037 019 | 013 019 | 050 0.16
RDCS 1252 2927 46 2:00 085 016 | 062 0.18 | 023 018 | 015 0.16
RXJ 0849+4452 104 2:00 035 011 | 033 014 | 002 014 | 065 0.11

Errors are the quadrature sum of counting statistics and classi-
cation uncertainty. Seetext for details.
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TABLE 4
Popula tion Fra ctions as a Function of rp Radius

Cluster or
Sample N(r/r 200 ) | 1r 200 f E+s0 fe fso f sp+irr
z 1 comp osite 63 0.05 0.75 0.14 0.52 0.17 0.23 0.17 0.26 0.14
80 0.15 0.52 0.13 0.37 0.16 0.15 0.16 0.48 0.13
90 0.25 0.56 0.12 0.35 0.15 0.21 0.15 0.44 0.12
83 0.35 0.45 0.13 0.24 0.16 0.21 0.16 0.55 0.13
94 0.45 0.42 0.12 0.25 0.15 0.17 0.15 0.58 0.12
99 0.55 0.27 0.12 0.21 0.15 0.06 0.15 0.73 0.12
114 0.65 0.32 0.11 0.20 0.15 0.12 0.15 0.69 0.11
129 0.75 0.30 0.11 0.15 0.14 0.15 0.14 0.70 0.11
96 0.85 0.35 0.12 0.11 0.15 0.24 0.15 0.64 0.12
74 0.95 0.25 0.13 0.15 0.16 0.10 0.16 0.75 0.13
23 1.05 0.32 0.22 0.32 0.24 0.00 0.24 0.68 0.22
11 1.15 0.19 0.31 0.00 0.32 0.19 0.32 0.81 0.31
MS 1054 0321 130 1.0 0.78 0.11 0.46 0.14 0.32 0.14 0.22 0.11
RXJ 0152 1357 125 1:0 0.72 0.11 0.46 0.14 0.26 0.14 0.27 0.11
CL 1604+4304 124 1.0 0.57 0.11 0.40 0.14 0.17 0.14 0.42 0.11
CL 1604+4321 150 1:0 0.39 0.10 0.27 0.14 0.12 0.14 0.60 0.10
RDCS 0910+5422 146 1:0 0.38 0.10 0.32 0.14 0.06 0.14 0.61 0.10
RDCS 1252 2927 67 1:0 0.68 0.14 0.47 0.16 0.21 0.16 0.32 0.14
RXJ 0848+4452 214 1:0 0.30 0.09 0.29 0.13 0.01 0.13 0.70 0.09

Errors are the quadrature sum of counting statistics and classi-
cation uncertainty. Seetext for details.

APPENDIX
COMP ARING PROJECTED DENSITY ESTIMA TION TECHNIQUES

We demonstrate here that the Nearest Neighbor (NN) and Friends-of-Fiends (FoF) algorithms for estimating local
projected density yield consistert results. We also show that it is possibleto construct a composite MDR or MRR
using a combination of galaxy samplesselectedusing spectroscopicredshifts, photometric redshifts, and sampleswith
only statistically subtracted background corrections providing ead of the samplesare con ned to specic density
ranges.

The FoF algorithm providesan alternativ eto the NN algorithm asa meansto measurethe morphological composition
asa function of density. The FoF algorithm, rst developedby Huchra & Geller (1982), hasbeenusedwidely thereafter
for automated detection of overdensitiesin galaxy catalogs. This approach has the advantage that it is not tied to a
speci ¢ choice of N nearestneighbors although it is not the method typically usedby other workersin the analysis of
the MDR. The FoF algorithm locates groups of galaxieshby identifying all the neighboring systemsthat lie within a
given \p ercolation" length of a given galaxy. Each neighbor is then searded for galaxieswithin the samepercolation
length. This linking processis cortin ued until nopadditional memberscanbeidenti ed. The percolation length and the
local projected density are related aslperc / 1= . For our comparison, we use percolation lengths that correspond
to overdensitiesin the range 15 < < 1500 galaxiesMpc 2. At ead overdensity, the morphological populations
within all identi ed groups are tallied, weighted by the inverseof the selectionfunction. The di erence betweenthe
cumulative E, SO,and Sp+lrr population at two overdensities and then de nes the morphological populations
at projected density . As with the nearestneighbor algorithm, we correct the FoF densitiesto correspond to our
ducial luminosity limit using equation 2.

Figure A16 showvsa comparisonbetweenthe NN and FoF density estimators for the clustersfor which we have reliable
photometric redshifts (MS1054-0321,RXJ0152-1357,and RDCS1252-2927).The errorbars in all these gures include
the uncertainties from counting statistics and from the intrinsic classi cation uncertainties quanti ed in section3 (e.g.,

0:06in fe+ sp and fgp+ i ;  0:111in fgp and fg). The two density estimators produce consistert results over the full
range of densitiesanalyzed.

Using Composite Cluster Samples

Becausenot all clustersin our samplehave su cien t data to compute the local density basedon either spectroscopic
or on photometric redshift values, it is alsoimportant to establishthat our results are not very sensitive to the details
used to derive the MDR (e.g., whether the sample is selected based on photometric redshift value, spectroscopic
redshift value, or a ux-limited samplewith statistical badground subtraction). If we can demonstrate this then we
can construct a composite MDR by combining for ead individual cluster the sample that yields the most reliable
available estimate (e.g, the sampleswith the least contamination from foreground/background objects). The clusters
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Fig. Al16.] The composite morphology { density relation for the clusters MS1054-0321, RXJ0152-1357, and RDCS1252-2927. These
results are based on the photo-z selected samples that include galaxies with zpn values in the range jzq  zphj=(1 + z¢) 2 pn. Results
from the Nth nearest-neighbor (NN) and friends-of-friends (FoF) density estimators are both shown here. The density values have been
oset by a small amount from one another for clarity. The total number of galaxies in each density bin is shown in the top panel of the
plot. The low-density population fractions from the SDSS (Goto et al. 2003a) are denoted by the triangles along the y-axis.

RXJ0152-1357and MS1054-0321allow us to perform this test as they have su cien t information to independertly

generatethe MDR from spectroscopic data, from photometric redshift data, and from ux-limited sampleswith a
statistically-subtracted background correction applied. The results are shown in Figure A17. For densities greater
than 80 galaxies Mpc 2 there are no signi cant systematic di erences in any of the derived population fractions

as a function of density. Below 80 galaxies Mpc <, the statistically subtracted background corrected density and

population fraction estimates becomelessreliable as uctuations in the badkground galaxy surface density become
comparablewith the projected density (seediscussionin section4). The spectroscopicsamplesexhibit a lower elliptical

galaxy fraction at densities below about 50 galaxiesMpc 2 but the di erences lie within the 1 uncertainties. The

spectroscopicdata do not provide good sampling of the very highest densities (> 1000 galaxiesMpc 2) because
of the number of slit masksused. However, in this regime, the photo-z and/or statistically subtracted badkground

results are very reliable. We concludethat the MDR and MRR derived from a composite sample will be reliable if

spectroscopically selectedsamplesare limited to regionswith 1000galaxiesMpc 2 and sampleswith statistically

subtracted badkground corrections are limited to regionswith > 80 galaxiesMpc 2
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Fig. Al7.] The dependenceof MDR on sample selection is demonstrated for MS1054-0321 and RXJ0152-1357. We show the population
fractions asa function of projected density based on the samples of con rmed spectroscopic members (Spec), the samples of photo-z selected
members (BPZ), and on the full ux-limited sampleswith statistically subtracted background corrections applied (SSub). The latter results

are only shown when > 40 galaxies Mpc 2. Errorbars include the uncertain ties in counting statistics and morphological classi cation.

COMPUTING MORPHOLOGICAL POPULA TION FRA CTIONS

Our morphological population fractions are corrected for both contamination and incompletenessin a manner that
dependson the sample being analyzed. For samplesusing only con rmed spectroscopicredshifts, the only correction
applied is the weighting by the inverseof the redshift selectionfunction (cf. equation 1). The redshift selectionfunction
is computed empirically by measuringthe ratio of the number of redshifts acquired to the total number of galaxiesin
magnitude bins 0.5 mag wide. The redshift selection function is dependernt on the galaxy magnitude and to a lesser
degreeon the galaxy color. The latter dependencetranslates to a dependenceon morphology for those galaxiesin
the cluster. By measuring the redshift completenessas a function of color and magnitude, we can make reasonable
corrections for the obsenational selectione ects. The clusters for which we have a su cien t number of redshifts to
compute the MDR solely from a spectroscopicsample are MS1054-0321(with 143 con rmed members, all within the
boundariesof our ACS mosaic)and RXJ0152-1357(with 102con rmed members, 93 of which lie within the boundaries
of our ACS mosaic). The redshift selectionfunctions for thesetwo clusters is showvn as a function of i775 magnitude
and morphological type in Figure B18.

For photometric redshift selected samples (MS1054-0321,RXJ0152-1357, and RDCS1252-2927),we correct the
population fractions as follows:

corr — uncor missed contam
Nt = N0 + Ny Nt (B1)
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Fig. B18.| The redshift selection functions for E+S0 and Sp+lrr galaxies vs. i775 magnitude for MS1054-0321 and RXJ0152-1357. The
larger dierence between E+S0 and Sp+Irr selection e ciency in RXJ0152-1357 is caused by the color selection criterion used in target
selection for that cluster.

where N4M°" is the obsened number of galaxies of morphological type T, NJss¢d js an estimate of the number of
cluster members of type T that have beenexcluded by our photo-z selection criteria, and N£°"@™ s an estimate of
the number of non-cluster members of type T that have beenincluded in the obsened count. The number of missed
members is computed as follows:

N{_nissed = Niotal ftot;miss fmiss;T (BZ)

where Nl IS the total number of galaxies counted at a given density, firmiss 1S the fraction of cluster members
excludedby our photo-z selectionlimits, and f niss:t  is the fraction of those excluded galaxiesthat have morphological
type T. The value of firmiss IS estimated by counting the number of spectroscopically con rmed members that
have photo-z's outside our photo-z selection limits. For MS1054-0321and RXJ0152-1357,f otmiss = 0:38 and 0:20,
respectively. For RDCS1252-2927 f ormiss = 0:04. The morphological dependenceof the number of true cluster
galaxies missed by our photo-z selection is weak for MS1054-0321and RDCS1252-2927but is more signi cant for
RXJ0152-1357(see Figure B18). For MS1054-0321and RDCS1252-2927 we set f miss;t  €qual to the initial uncor-
rected population fraction for galaxiesof type T at the given density. For RXJ0152-1357we assignf miss;t  USINg a
morphological distribution that is slightly more heavily weighted to late-type galaxiesat a given density to compensate
for the spectroscopicselectionbias in this cluster. Fortunately, the results are not strongly dependert on the precise
prescriptions for setting the f nisst values. The number of non-cluster members contaminating our photo-z selected

courts is computed as follows:
t —
N '|(':0n am = N total f tot;contam f contam;T (83)
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where f iot;,contam

fraction of these that have morphological type T. The value of f it.contam

is the fraction of non-cluster members included by our photo-z selectionlimits and f coptam:t IS the

is estimated by courting the number of

spectroscopically con rmed non-cluster members that have photo-z's lying within our photo-z selection limits. For

MS1054-0321and RXJ0152-1357,f tot:contam

= 0:09 and 0:12, respectively. For RDCS1252-2927 f (ot.contam

= 0:33.

These non-cluster galaxieshave a morphological distribution that is represenativ e of the eld galaxy population and
we thus set f contame = 0:10; fcontam:s o = 0:25; and f contam:s p+irr = 0:65. Note that becausewe only have 35
spectroscopicredshifts for RDCS1252-2927the incompletenessand contamination estimateshave larger uncertainties

than thosein MS1054-0321or RXJ0152-1357.

For population fractions derived from magnitude limited samplesusing only statistically-subtracted badkground
courts (e.g, asin RDCS0910+5422),the morphological distribution of the badkground is assumedto be represertativ e
of the eld galaxy population and we thus divide the expected badkground courts into E, SO, and Sp+Irr componerts
assumingthe samefractions given above: fg = 0:10; fgo = 0:25; andf sp+rr = 0:65.
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