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ABSTRACT

We describe a newwide eld Hubble SpaceTelescof survey of the galaxy cluster Cl0024+16 (z  0:4)
consisting of a sparse-sampledmosaic of 39 Wide Field and Planetary Camera 2 imageswhich extends
to a cluster radius of 5 Mpc. Together with extensive ground-basedspectroscopy taken from the
literature, augmerted with over a hundred newly-determined redshifts, this unique dataset enablesus to
examineenvironmental in uences on the properties of cluster membersfrom the inner coreto well beyond
the virial radius (1.7 Mpc). We catalog photometric measuresfor 22,0000bjects to | & 25 and assign
morphological typesfor 2181to | = 225, of which 195are spectroscopically-con rmed cluster members.
We examineboth the morphology-radius(T-R) and morphology-densily (T-) relations and demonstrate
sensitivities adequate for measuresfrom the core to a radius of 5 Mpc, spanning over 3 decadesin
local projected density. The fraction of early-type galaxies declinessteeply from the cluster certer to
1 Mpc radius and more gradually thereafter, asymptoting towards the eld value at the periphery. We
discussour results in the context of three distinct cluster zones,de ned accordingto di erent physical
processeshat may be e ectiv ein transforming galaxy morphology in ead. By treating infalling galaxies
as isolated test particles, we deducethat the most likely processegesponsible for the mild gradiert in
the morphological mix outside the virial radius are harassmentand starvation. Although more data are
neededto pin down the exact mectanisms, starvation seemsmore promising in that it would naturally
explain the stellar and dynamical homogeneiy of cluster E/SOs. Howewer, we nd signi cant scatter
in the local density at any given radius outside 0.5 Mpc, and that the sameT- relation holds in
subregionsof the cluster, independen of location. In this hitherto unprobed region, where the potential
of the cluster is weak, galaxiesapparertly retain their identities asmembersof infalling sub-groupswhose
characteristic morphological properties remain intact. Only upon arrival in the certral regionsis the

substructure erased,as indicated by the tight correlation betweencluster radius and .

Subject headings: galaxies: clusters: individual (CL0024+1654) |
galaxies: photometry |

formation |

1. intr oduction

Rich clusterso er an unique laboratory for studying the
e ects of the local ervironment on their constituent galax-
ies. Evidence has accunulated in recen yearsthat ernvi-
ronmertal processesa ect both the star formation and
morphological characteristics of galaxies,the endpoint be-
ing the presen-day morphology-density relation (Dressler
1980).

However, the nature and timescale of the relevant evo-
lutionary processesremains unclear. As clusters repre-
sert concernrations of both dark and baryonic matter, the
physical interplay between the obsened properties of a
galaxy and the cluster potential is likely complex. An im-
portant advancewasthe recognition that the hot interclus-
ter gasobsenedin X-rays may signi cantly a ect the star
formation rate of recertly-arriv ed infalling galaxies(Gunn
& Gott 1972), possibly triggering star formation by com-
pressingtheir gas clouds or quending star formation by
stripping their gasresenwoir (Dressler& Gunn 1983;Byrd

galaxies: evolution |-
galaxies: fundamental parameters

galaxies:

& Valtonen 1990; Evrard 1991; Fujita 1998; Abadi et al.
1999)

Much progress has followed the connection of Hub-
ble SpaceTelescom (HST) imaging of clusters with deep
ground basedspectroscopy. The former is essetial in pro-
viding galaxy morphologiesat epochs where environmen-
tal processexan be witnessed,while the latter is essetial
in providing diagnostic information on the timescales of
star formation and its recert truncation. The combina-
tion hasbeenmost powerful in understanding the origin of
the increasewith redshift in the fraction of blue members
seenin cluster coreshetweenz = 0Oand z  0:4 (Butcher
& Oemler 1978, 1984). Sewral HST-based studies have
demonstrated that the blue galaxies seenat z >0.3 are
largely star-forming spirals which are noticeably absen
in presen-day clusters. It has been proposed these are
recert arrivals in the cluster, perhaps obsened immedi-
ately prior to a removal of their gassupply. Importantly,
somered cluster galaxiesin the same clusters shav evi-
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denceof recertly truncated star formation (Dressleret al.
1994;Couch et al. 1994;Stanford, Eisenhardt & Dickinson
1995).

The above cluster studies have been undertaken along-
side similar HST-basedcampaignsdewoted to the study of
the eld galaxypopulation (Glazebrook et al. 1995;Brinch-
mann et al. 1998; Cohen et al. 2000). Broadly speaking,
these studies have likewise demonstrated an increasein
gascontent and star formation rate with redshift although
mostly in lower masssystemsthan those discussedin the
cluster studies. The extent to which the ewolutionary trend
seenin the eld drivesthat obsenedin clustersis thus an
interesting and relevant question.

Much of what has beenlearnedthus far concerningthe
ewlution of galaxiesin clusters hasbeenderived from de-
tailed studiesin the inner  0:5 Mpc of sewral clusters,
typically spanning a range in redshift (Smail et al. 1997;
van Dokkum et al. 1998a;Oke, Postman & Lubin 1998).
Only Couch et al. (1998) and van Dokkum et al. (1998b)
securedmorphological data beyond a radius of 1 Mpc via a
WFPC2 mosaic. Although an e cien t strategy in generat-
ing a large sample of spectroscopicmenbers, information
is only provided on the later states of the environmental
processes.Important results have emergedincluding the
relative abundancesof elliptical and lenticular (S0) galax-
iesasa function of redshift (Dressleret al. 1997; Andreon
et al. 1998; Fabricant et al. 2000) and the homogeneiy
in the colors of the E/SO population (Ellis et al. 1997;
Stanford, Eisenhardt & Dickinson 1998; van Dokkum et
al. 2000).

A major problem that arises in deweloping a self-
consistert ewlutionary picture from obsenations made
with a variety of clusters is the dicult y of assigning
timescalesto the phenomenaobsened, and connecting

clusters at dierent redshifts into a temporal sequence.

In fact, we have evidencethat clusters ewlve cortin uously
by merging and accreting structures from the surround-
ing eld (e.g. Zabludo & Franx 1993; Abraham et al.
1996a;Balogh et al. 2000)asdescribedin popular theories
of structure formation (e. g. Kau mann 1995a,b;Diaferio
et al. 2001). Therefore, we cannot simply assumethat a
cluster obsened for exampleat z ' 0:6 ewlves\passively"
to oneobsenedat z' 0:4.

Our approad in this serieswill be to securehigh qual-
ity data for a single well-studied systemover a large range
in ervironmental density. A more secureconnection with
the ewolution obsened in eld samplesmay thus be as-
sured and, as we will demonstrate, the timescale of the
star formation activities can be more readily determined,
e. g. by estimating the likely dynamical trajectories of
infalling galaxies. An important region which motivated
the current study is that whereinfalling eld galaxies rst
encourter the cluster potential and the intercluster gas.
Few studies have beendewvoted to the investigation of this
region either in a statistical sensefor an ensenble of clus-
ters (e.g. Balogh et al. 1999; Pimbblet et al. 2002) or for
individual clusters (Abraham et al. 1996a;Kodama et al.
2001).

In a seminal article, Abraham et al. (1996b) examined
this region via moderate signal-to-noiseratio spectroscopy
to 5 Mpcin Abell 2390. An extensive wide- eld red-

7 All magnitudes are given in the standard Vega system.

shift survey separating eld and cluster membersto large
radius was certral to progressin this respect enabling the
rst measuresof the radial gradients of diagnostic spectral
features. Unfortunately, the spectroscopicdata was mar-
ginal in terms of that required for studies of individual

galaxies,and no HST data was available so a connection
with morphology wasnot possible. Our seriesis concerned
with developing and extending the analysisof Abraham et
al. (1996b) for a single cluster, Cl0024+16 (z=0.4), for
which an extensive HST mosaic has been obtained. The
presen paper is primarily concernedwith introducing and
interpreting the morphological data enabled by our HST
WFPC2 obsenations in the context of available spectro-
scopicdata.

A plan of the paper follows: in x2 we summarizethe sci-
erti ¢ goalswhich motivate the seriesand, in turn, de ne
the necessaryobsenational data. We then introduce the
obsenational data. In x3 we describe the strategy for the
adopted HST obsenations, the data reduction techniques
and the production of a catalog that will sene the ertire
survey. We de ne the basis of our morphological classi-
cations performed to a limiting magnitude’ of | = 225
and discussissuesof completenessand bias. This catalog
is merged with the available and new spectroscopic data
in x4.

In preparation for the subsequen analysis of the data,
in X5 we review the various physical mecanismsproposed
to explain the relation between morphology and environ-
mert. An important output of this discussionwhich guides
the later analysisare physical length scalesand timescales
assaiated with the various medcanismswhich de ne how
we will analyzeand interpret the data in Cl0024+16, both
as a function of cluster radius and environmental density.
In x6 we analyzethe properties of the cluster galaxy pop-
ulation, both as a function of cluster certric radius and
with local projected density, i.e. the T-R and T- rela-
tions. Contrasting the trends seenin these two relations
allows us to interpret the changesin morphology in the
context of specic processedntroduced in x5. Section 7
summarizesthe results and our main conclusions.

Throughout the series,we assumethe Hubble constart,
the matter density, and the cosmological constart are
Ho = 65kms *Mpc !, , = 0:3, and = 0.7, respec-
tively. Hence,at the distance of CL0024+16 (z = 0:395),
1%corresponds to 5:74 kpc, the bolometric distance mod-
ulus is DM = 41:81, and the look-badk time is 4.6 Gyrs.
Finally, r is the radial coordinate in 3-D space,while R is
the radial coordinate in 2-D projected space.

2. a wide field hst survey of cl0024+16

We are undertaking a wide- eld HST survey, coupled
with suitable ground-basedspectroscoyy, for a single clus-
ter at intermediate redshift. The unique feature is ade-
guate morphological and spectroscopicdata from the core
to the turnaround radius where eld galaxiesbegin their
infall. The key sciertic goalsare: to determine the mix
of galaxy morphologiesas function of cluster radius and
local density; to measurethe total cluster massradial pro-
le beyond the virial radius using weak lensing signalsde-
rived from badkground galaxies;to determine the star for-
mation properties of cluster members via diagnostic spec-
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troscopy; to connecttheseto their morphologicaland kine-
matic properties, and to interactions with the intercluster
medium (ICM); consolidatethe above results via a uni ed

picture for the transformation of the physical properties
and morphologiesof galaxies.

Whether such an ambitious list of goalscan be uniquely
realizedvia the detailed study of only a single cluster is of
courseunclear. Of necessiy, given the challengeof obtain-
ing such a wide body of HST and ground-baseddata, it is
the logical placeto start. Experiencehasshawvn that most
astronomical objects/ systemswhen studied in consider-
able detail exhibit unforeseenpeculiarities. For example,
the progressiw increasein dynamical data for local cluster
galaxieshas usually revealedthat systemspreviously con-
sideredto be dynamically relaxed exhibit perceptablesub-
structure (Dressler & Shectman 1988). Studies basedon
the statistical properties of member galaxiesas a function
of cluster radius must be analyzedwith caution in sud cir-
cumstances. This would arguefor studying seweral targets
and adopting someform of scalinglaw for combining data
from di erent systems(van der Marel et al. 2000). On the
other hand, at large radii, it is conceiable that substruc-
tures are a dominant feature of infall patterns which need
to be understood rather than averagedout.

Cl0024+16 has a number of features that make it op-
timal for this study (c.f. Table 1). There is a wealth of
obsenational data, including the extensive spectroscopic
survey of Czosle et al. (2001). The choice of an inter-
mediate redshift (z  0:4) has many advantages. It en-
suresthe presenceof gasrich eld galaxieswhose infall
is thought to in uence the ewlution obsened in cluster
cores. A large physical area can be obsened with a rel-
atively small number of WFPC2 pointings. Morphologies
and high quality spectra of represenative L galaxiescan
be obtained in economic exposure times with HST and
Keck respectively. The cluster is also optimally placed
along the line of sight to typical faint (I ' 25) badkground
galaxiesfor the measuremenh and interpretation of weak
lensing signalsinduced by the cluster. The presenceof a
multiply-imaged strong lensing feature of known redshift
at the cluster cernter (Broadhurst et al. 2000) provides an
important absolute calibration of the massmodel.

We secureda large wide- eld mosaicof HST imagesfor
Cl0024+16 through a dedicated program (HST Program
8559: PI Ellis). HST imageswere collected from Fall 2000
to Fall 2001and form the subject of the rst papersof this
series,which describe the measuremen of the masspro le
of the cluster using the WFPC2 and STIS images(Kneib
et al. 2003, in preparation), and the measuremen of the
size of the halos of cluster galaxies using galaxy-galaxy
lensing methods (Natarajan et al. 2003, in preparation).
Later paperswill describe the results of further Keck spec-
troscopy of selectedmenbers as a meansof investigating
the star formation characteristics as a function of cluster
environment.

3. the wfpc2 imaging data

We now introduce the wide eld WFPC2 imaging
dataset for Cl0024+16. After de ning the strategy which
motivated the HST obsenations (x 3.1), we describe the
data reduction procedures(x 3.2) which lead to two key
products: a photometric object catalog (x 3.3) with mor-

phological classi cation (x 3.4), which we will refer to as
the WFPC2 catalog.

3.1. Observing Strategy

In order to probe both the transition and peripheral re-
gions of the cluster (seex 5.2), a sparse-sampledpattern
of WFPC2 elds was necessary We de ned a circle of di-
ameter 25°( 10 Mpc) and arranged 38 non-cortiguous
pointings which, together with earlier archival data, fully
cover the certer and sample the periphery at ' 30% area
coverage. This strategy ensureswe cover the required
range of ervironments and cluster radius for the galaxy
population studies. The arrangemern was also chosento
permit azimuthal-averaging of elds for radial trends, e.g.
for the weak shearpro le (c.f. Kneib et al. 2003for a dis-
cussion of the obsenational strategy as de ned from the
lensing goals).

A list of pointings, coordinates and orientations is given
in Table C2andthe eld distribution is portrayedin Fig. 1.
In the original approved schedule, the WFPC2 eld posi-
tions and orientations were carefully chosento ensuresome
overlap of parallel STIS obsenations. The higher spatial
resolution of STIS can be usedto great advantage in cali-
brating the WFPC2 point spreadfunction for weaklensing
studies. Unfortunately, for scheduling reasons,this care-
fully constructed plan had to be abandoned,and, in order
to safeguardcompleting the survey prior to the launch of
ACS, we had to discard all orientation restrictions on the
WFPC2 pointings soon after obsenations commenced.

All WFPC2 imagesweretakenin the F814W lter pro-
viding photometry for cluster members which approxi-
mates the rest-frame V-band (hereafter, for simplicity, we
will referto F814W asl). The lter choicewasmotivated
by the needfor an adequately faint sample of badkground
galaxiesfor the weak lensing analyses,while ensuring ad-
equate comparisonswith existing and ongoing studies of
intermediate redshift galaxies (e.g. Dressleret al. 1997,
Brinchmann et al. 1998). At ead position, four equal ex-
posurestotaling two HST orbits (4000s-4400sseeTab C2)
were dithered with a 2 2 grid with half-integer o sets.
For the certral eld (POSO00), we utilized the image orig-
inally analyzedby Colley et al. (1996) referred to in the
Morphs collaboration (Smail et al. 1997) (GO: 5453, PI:
Turner) whose exposure time was 18,000sin F814W and
25,200sin F450W.

3.2. Data Reduction

We implemented a pipeline basedon the iraf padkage
dither (Fruchter & Hook 2002) to reduce the WFPC2
data. The pipeline cleansand combines the images, by
iterativ ely re ning the measuremen of relative o sets and
the cosmicrays/defect identi cation (the algorithm is sim-
ilar to the one described by Fruchter & Mutchler 1998).
The output of the pipeline consistsof two sets of images,
one with a pixel size equal to the original pixels size (0°4
for the WF chips), and onewith pixel sizehalf the original
(0°05 for PC chips). An exposuretime map is produced
for ead chip.

The quality of the combined images was carefully
chedked by visual inspection of all the intermediate stepsof
the pipeline and by a variety of quality cheds including re-
quiremerts on the homogeneiy of the exposuretime maps
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Fig. 1.] The arrangement of WFPC2 elds observed in Cl0024+16. The WFPC2 footprin ts are overlaid on a Digital Sky Survey image
of the eld (N is up, E is left). Each WFPC2 eld is approximately 80%on a side. Details of each pointing are given in Table C2.
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to ensurehomogeneougphotometry, and on the sharpness
of the point spreadfunction (the Gaussian-FWHM of stars

asmeasuredwith imexam was generally slightly better in

the combined imagesthan in the original ones,due to bet-

ter sampling).

3.3. The Photometric Catalog

The photometric catalog derived from the WFPC2 im-
ageswill be usedfor most subsequeh applications in the
seriesof papers, from the morphological classi cation dis-
cussedlater in this paper, to the identi cation of badck-
ground samples for weak lensing studies (Kneib et al.
2003;Natarajan et al. 2003),and later for target selections
for the spectroscopic campaigns. A reliable catalog with
few spurious detections and well-understood completeness
characteristics is essetial. A high degreeof completeness
at the faintest limits (I & 25) is lessimportant than a
well-understood completenessunction becauseweak lens-
ing signalsdepend on the angular sizeof a faint galaxy and
cannot uniformly be detected in faint galaxiesof a given
apparert magnitude (e. g. Bacon, Refregier& Ellis 2000).

Faint object identi cations were performed using the
SourceExtractor algorithm SExtractor (Bertin & Arnouts
1996), one of the standard packagesfor this purpose(e. g.,
Casertanoet al. 2000). After someexperimerntation, it was
decidedto adopt detection criteria similar to those usedby
the Morphs collaboration®. The deblendingthreshold and
cortrast parameterswere set to 32 and 0.03 respectively,
ensuringnearhy sourcesare separatedwhile fainter objects
that appear part of the samesystem(e. g., bright knots on
spiral arms) are presened asa single entit y. Thesechoices
a ect completenesssomewhatat the faintest magnitudes
{1 & 25in our case{ (c.f. discussionin Casertanoet al.
2000), but will not a ect the results discussedin this pa-
per, which are mostly concernedwith the brighter galaxies.
The catalogdoesnot include the areaof reducedsensitivity
coveredby the PC which represens only a modestfraction
of the total area.

A basic measureof catalog completenesscan be deter-
mined from the I-band galaxy number courts after exclud-
ing duplications from overlapping elds (Fig. 2). Although
obviously a clustered eld, excluding the data from the
certral POSO00, the Cl0024+16 counts are only modestly
abovethoseof geruine eld samplesmostlyatl 20 22;
this gives a measure of the challenge of locating cluster
members at large radii. The turnover fainter than I 25
senesasan indicator of the limiting depth of our catalog.
As expected, the certral POS00 eld (red stars) shows
a more signi cant excessat magnitudes fainter than the
brightest cluster galaxy (BCG; | 18; seealso Smail et
al. 1997). The faster turnover of the certral POSO00 eld at
| & 25is the result of crowding, magni cation bias (Fort
etal. 1997;Dyeet al. 2002),and possibly cosmicvariance
(see,e.g., Casertanoet al. 2000).

As some elds overlap (seeFig. 1), we have an opportu-
nity to verify photometric consistency No systematic dif-
ferenceswere found and the scatter is lessthan 0.05mags
rms at | < 225 increasingto  0:3 0.4 magsat| 25
rms. As expected, this rms scatter is slightly larger than

the random error (0.2-0.3mags) due to the additional sys-
tematic componerts in the detection algorithm and in the
computation of the total magnitude (mag_auto, seeBertin
& Arnouts 1996). A 3 detection at | 25 is consis-
tent with the obsened turnover in the number counts. All
HST imageswere registeredto the astrometry of Czosle
et al. 2001 (hereafter the CFHT astrometry), which has
been determined to be accurate to . 0°2 from compar-
isons with the USNO-A2.0 catalog. O sets between the
original WFPC2 astrometry and the CFHT astrometry
are typically ' 0°%, and in the overlap regionswe nd an
rms scatter of  0°3, consistert with the estimated uncer-
tainty in the CFHT astrometry.
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Fig. 2. I-band number counts from the CIl0024+16 photometric

catalog (open red stars: central POS00 eld; open black squares:
remaining area) compared with data from the Hubble Deep Fields
(solid line, Wiliams et al. 1996, Casertano et al. 2000) catalog,
Postman et al. (1998; open stars) and the HST-Medium Deep Sur-
vey catalog by Abraham et al. (1996; dashed line). The turno ver at
I' 25.5indicates where the catalog becomessigni can tly incomplete.

The photometric catalog comprises 22,000 objects to
| ' 25°. Entries are described in Tab C3 and the head of
the catalog is given in Tab C4 In the certral region, inde-
penden pointings partially overlap, and duplications have
not beenremoved. All magnitudes are in the Vega sys-
tem and corrected for galactic extinction, adopting E(B-
V)=0.057 (Schlegelet al. 1998).

3.4. Morphological classi cation

We now discussthe morphological classi cation of the
objects in the catalog. Broadly, the procedure followed
that adopted for the HST Medium Deep Survey (Abra-
ham et al. 1996a) for which the minimum typical expo-
sure time (4000s) was similar and a limiting magnitude
of 1 =22.0 was adopted. After someexperimerting by one
of the classi ers (RSE) in that study, it was determined

8 0:12 %above 24.6 mag arcsec 2 for the WF chips, 0:09 %Cabove 23.6 mag arcsec 2 for the PC. Photometric zero points were taken from

the HST Data Handb ook.

9 The catalog is available electronically at http://www.astro.caltec h.edu/ tt/0024
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that a similar degreeof reliabilit y would be achievedin the
Cl0024+16 elds to a fainter limit |=22.5. This value is
intermediate with the fainter limit (1 =23) adopted in the
6300-16,800secMorphs study (Smail et al. 1997).

As noticed in previous studies, the uncertainty in the
classi cation is a strong function of signal-to-noise ratio
closeto the limit and somedistinctions are more critical
then others, e. g. distinguishing amongstregular galaxies
is more reliable than disertangling late typesfrom merger
and irregulars. Thus, after describing our classi cation
procedure, we discussin detail the uncertainty (x 3.4.1).
A summary is givenin x 3.4.2.

Morphological classi cation of all objects with magni-
tude (mag.auto) brighter than | = 225 was performed
by one of us (RSE) using an iraf task which displayed,
for each entry, a squareregion 128 on a side, on a loga-
rithmic intensity scaleto simulate appearanceon a photo-
graphic plate. Each object was simultaneously displayed
at four stretch levelsto ensurean adequatedynamic range.
Morphologies (hereafter T) were assignedaccordingto the
MDS sdteme introduced by Abraham et al. (1996a): -
2=star, -1=compact, 0=E, 1=E/S0, 2=S0, 3=Sa+b, 4=S,
5=Sc+d, 6=Irr, 7=Unclass, 8=Merger, 9=Fault. Exam-
ples for classes-2 to 8 are shawvn in Figures 3, and 4. It
is important to clarify that the nomenclatures Sa+b and
Sc+d represen the union of subclassesnot intermediate
spiral types. As in the MDS, the system is hierarchical:
classesud asE/SO or Sare usedwhenthe classi er recog-
nizes the galaxy as an early or late type, but no further
subclassi cation canbe determined. The Unclass(7) cate-
gory comprisesobjects that are only partially imaged, e.g.
they fall on the edgeof a chip. Finally, T=8 (Merger)
is used when the isophotes of two objects of comparable
brightness merge (c.f. examplesin Fig 4). This could, of
course,in somecasesbe due to projected alignments.

The classi er's commerts were also recorded together
with the morphological type. A total of 2181 0bjects were
processedn this way, including the onesin the certral eld
classi ed by the Morphs collaboration. The distribution of
morphological typesas a function of magnitude (without
regard to cluster membership) is shown in Figure 5.

3.4.1. Uncertainties in the Morphological Classi cations

Internal consistency in our classi cations can be ob-
tained by examining the overlapping elds, givenour iraf
task ensuresa blind treatment of each image. At | < 21:
48 % of the galaxies have identical morphological type,
89 % dier by at most T = 1. At fainter magnitudes
(21 < I < 225) 56 % of the galaxies have identical T,
while 74 % dier by at most T = 1. No clear magnitude
dependenceis seen. If we consider only \broad classes",
de ned asstars (T=-2), compacts(-1), early-types(E+S0,
0 to 2), spirals (3 to 5), and Irr/Unclass/Merger (6 to 8)
galaxies, the consistencyimproves signi cantly. 75-80%
of galaxies have the same broad classand all lie within

1 broad class. The agreemeh is consistert with earlier
similar studies (e. g. Smail et al. 1997; Fabricant et al.
2000).

A further stepwasundertakento ensureinternal consis-
tency. Postagestamps 12°8 on a side were sorted by mor-
phological type and magnitude and carefully examined by
two of us (RSE and TT). By comparing images of com-

parable signal-to-noise, the consistencyand repeatability
of the classi cation was re-examined. Types were only
changedin < 10% of the galaxies, mostly within broad
classeqe.g. Sa+b to S).

Two of the well-known critical points in the morpholog-
ical classi cation, are E+S0 vs spiral separation, and star
galaxy separation (seee. g. Smail et al. 1997;Fabricant et
al. 2000). The di cult y of separatingE+SO0 and spirals has
beendiscussedwidely in the literature. Unfortunately { as
opposedto the star galaxy separation where spectroscopic
information provides an unambiguous veri cation { using
external information to verify E+SO0 vs spirals morpholo-
giesis much more di cult. Although certain properties,
such asspectral featuresand colors, are known to correlate
with morphology there is signi cant scatter, and, aswe are
interested in the stellar population properties of galaxies,
their usecould lead to signi cant biaseswhen applied to
ewlutionary studies.

Distinguishing features (spiral arms, bright young stars
and star forming regions) may be lost at intermediate red-
shift becauseof surfacebrightnessdimming (/ (1+ z) 4)
and resolution and/or sampling e ects. Figures 3 and 4
show that bright E+SO and Sa+b galaxiescan be sepa-
rated brighter than | . 20. Our classi cations are inter-
nally consistent to | 21 but su er someambiguity at
| = 21 225. As an external che, the study by Fabri-
cant et al. (2000) of Cl1358+62 is particularly relevant
sincethe HST obsenational setup (instrument, lIter, and
exposure time) and cluster redshift are closely similar to
those for Cl0024+16. Fabricant et al. found that human
classi ers consisterily distinguish early-types and spirals
to | 21, with increasinguncertainty beyond this limit.
Finer classi cation wasfound to be much more uncertain.
For example the two classi er groups in Fabricant et al.
(2000) yielded discreparn values of the ratio of SO and E
galaxiesalready at | < 21. We concludethat early-type
and spiral galaxiescan be consistently distinguished with
our instrumental setup down to at leastl  21.

Two further e ects should be considered. Firstly, if the
distribution of morphological types is not uniform, any
scatter might smear the distribution by transferring ob-
jects from the most populated classto adjacert classeqsee
e.g. discussionin the Appendix of Fabricant et al. 2000).
The secondis due to the specic e ects of distance, i.e.
loss of resolution and surface brightness dimming. Quali-
tativ ely, these e ects tend to suppresslow surface bright-
nessfeatures(such asextendedernvelopesaround SOgalax-
ies) and smear out small-scalefeatures (such as compact
star forming regions, or spiral arms). Thus, the net qual-
itativ e e ect is to transfer SO galaxiesto the E classand
Sa+b galaxiesto the SO or E class. Unfortunately, the
magnitude of these biasesdepend strongly on the proper-
ties of the parent populations and therefore cannot be ac-
curately corrected without additional assumptions. How-
ever, in our observing conditions, these e ects are likely
to be small especially at | . 21 (see, e.g., discussionin
Glazebrook et al. 1995; Abraham et al. 19964a;Ellis et al.
1997).

Securing a reliable distinction between stars, compact
galaxies, and faint ellipticals is also an important con-
cern. At bright magnitudes (I . 20) distinguishing be-
tween these typesis straightforward (Figure 3). Fainter
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star
18.03 19.01 20.03 21.28 22.17
compact
20.16 21.01 22.07
E
18.01 19.01 20.01 21.01 22.01
E/SO
18.78 20.04 21.01 22.00
SO
18.02 19.06 20.01 21.02 22.03

Fig. 3. Montage of galaxies (each 12°B on a side) in the Cl0024+16 eld sorted by type and magnitude. In each row we show typical
galaxies for a given morphology, from | 18 to | 22 (left to right) in steps of 1 magnitude. Empty spacesindicate no galaxy of that
type is available in the respective magnitude bin. Magnitudes are indicated at the lower right corner of each image, morphological types at
the top-righ t corner of each row. The display scaleis linear, with uniform stretch levels.
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than | 20, diraction spikescannot be seenand peaked
nuclear emissionmight be presen in somegalaxies. Classi-
cation becomestroublesomefor objects smaller than the
WFPC2 F814W PSF whoseFWHM  0Y45 (Casertano et
al. 2000), corresponding to approximately 0:9 kpc at the
cluster redshift. Fortunately, most normal elliptical mem-
bersat z' 0:4 within our magnitude limit should have
e ectiv e radii signi cantly larger than 0.5 kpc (Ziegler et
al. 1999 and referencestherein), and therefore should be
clearly resolhed.

Our spectroscopiccatalog (seex 4) provides a valuable
external chedk on the star compact elliptical boundary:
out of 13 objects classi ed as stars with available spec-
troscopic data, 11 are conrmed and 2 have z 0:3
agged with \uncertain" quality. Out of 8 objects with
spectra classi ed as compacts (i.e. deduced morphologi-
cally to be non-stellar), 5 are stars and 3 are galaxieswith
z 0:3 0:7. Although the samplesare small, the spec-
troscopic data suggestswe have erred on the side of trying
not to omit any extragalactic sources. This augurs well
and suggestso ellipticals have beenmisclassi ed as stars.
Indeed, all of the objects with zero spectroscopicredshift
were independenilly morphologically classi ed as stars or
compacts.

400 F
o 300
200 £
100 £
i T e R .
[ compact=-1 E/S0=1 Sa+b=3 Sb+c=5 Unc=7 Fault=9
: star=-2 E=0 S0=2 S=4 Irr=6 Merger=8
1k
08 [
%
S o6
&
04
02
16
I
Fig. 5.| The distribution of morphological types as a function

of | magnitude in the eld of Cl0024+16; no distinction is made
between members and non-members.

A secondexternal ched is facilitated by consideringthe
photometric distribution of objects in the color-magnitude
diagram. For this purposewe augmerted the HST pho-
tometry with wide eld V and | band images obtained
with Canada France Hawaii (CFHT) 12K camera. The
E+S0 members de ne a tight color-magnitude sequence
(seeNatarajan et al. 2003). Stars spana wider range, gen-
erally bluer then the E+SO red-sequenceand are found at
signi cantly brighter magnitudes. Compacts are numer-
ousonly at I & 20, and also span a wide range of colors
although are generallyredderthan the E+SO0 red sequence,

indicating that someare likely to be background galaxies.

A nal ched is provided by the SExtractor parame-
ter CLASS_STAR (see Bertin & Arnouts 1996 for de-
tails), which should be close to unity for geruine stel-
lar objects and around O for extended objects. Con-
rming the results of our discussion,non-saturated stars
have CLASS_STAR parameters greater than 0.9, while E
galaxieshave typically CLASS_STAR closeto zero, except
for a small fraction at magnitudes fainter than | 21
that have CLASS _STAR larger than 0.8. Compacts have
CLASS_STAR parametersbetween0.8and 1. In summary
therefore, external diagnostic information basedon spec-
troscopy and colors support the notion that there is little
or no confusion so far as our morphological selection of
cluster spheroidals, and virtually all of the compacts are
either stars or distant badkground galaxies.

3.4.2. Summary of the morpholaggical catalog

We have morphologically classi ed 2181 objects in the
SExtractor catalogto a magnitude limit of | < 225, using
the morphological classesillustrated in Figures 3 and 4.
The resulting distribution of typesasa function of magni-
tude is shawn in Figure 5. The accuracy of the classi ca-
tion { measuredin terms of repeatability { is found to be
excellert down to | 21, and still very good in broader
classeqstar; compact; E+S0; Sp; Irr/merger) to the limit
| = 225, in agreemen with the precision attained inde-
pendenly in similar datasets(Fabricant et al. 2000). Two
critical points such asstar/galaxy separationand SOvs Sa
separation are investigated with the aid of external infor-
mation. We nd that all of the spectroscopicallycon rmed
stars are classi ed either asstar or ascompact, a classthat
is used mostly at magnitude fainter than | 20, and is
most likely a mix of stars, and high redshift compact ob-
jects. Similarly we concludethat the quality of the data
is sucient to separatereliably early-type and late-type
galaxiesdown to at least]  21. The subsequeh analysis
basedon morphological typeswill note the distinction in
quality beyond | 21 and often be restricted to this limit
where the classi cations are particularly reliable.

4. the spectr oscopic data

Following the comprehensie spectroscopic survey of
Czosle et al (2001), a su cien tly large sample of spectro-
scopically con rmed membersis already available to sup-
port the presen investigation of the distribution of mor-
phological typeswith radius and local density.

A spectroscopic survey of Cl0024+16 is cortinuing at
the 10m Keck telescopeswith two goals: i) to obtain high-
quality and where possibleresolved 2-D spectra in order
to explore dynamical and star formation characteristics
for members of known morphology; ii) to extend the red-
shift survey beyond the limit of I 21 of previous surveys
(Dressleret al. 1999;Czosle et al. 2001) and gain a more
complete sampling that is better matched to the dilute
pattern of WFPC2 images. Although this survey will con-
tinue, we briey presen herethe spectroscopiccatalog in-
corporating all measuresn the literature or madeavailable
to us, plus the initial results from our Keck campaign'®.

The strategy, obsenations and analysisare discussedn
Sec4.1l. The catalog is discussedin Sec4.2. A separate

10 The complete redshift catalog will be released at the end of the campaign.
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discussionof the completenessof the catalog is given in
Sec4.3, bearing in mind the requiremerts for Section 6.

4.1. Keck Spectrosmpy: strategy, observations& analyses

The new Keck spectra discussedhere were obtained us-
ing the Low Resolution Imager Spectrograph (LRIS; Oke
et al. 1995). In order to cover a suitable range of local den-
sity we decidedto survey a strip oriented approximately
North-South through the cluster certer. The orientation
was chosento maximize overlap with WFPC2 elds with
known cluster members.

Spectroscopictargets were selectedfrom the CFHT I-
band mosaic (Czoske et al. 2003,in preparation) accord-
ing to the following priority: i) known memberswith HST
morphology; ii) galaxiesfrom the WFPC2 catalog without
redshifts in the range 21< | <22.5;iii) known members
without WFPC2 imaging; iv) objects within 21< | <22.5
without WFPC2 imaging. In the caseof spectroscopically-
conrmed menbers, where possible tilted slits were cut
for those classi ed as edge-onspirals in order to o er the
possibility of securingrotation curvesfrom extended line
emission. A detailed study of resolved spectroscogy will
be deferred until a later paper, pending completion of the
spectroscopic campaign. In this paper we use the newly
determined redshifts to update the list of members.

Keck | LRIS obsenations were conductedon Oct 17-19
2001. For the red arm we mounted the 600/5000 grating
providing wavelength coverage5000A to 7500A with a
pixel scaleof approximately 1:25A (P215. The blue arm
coveredthe region bluewards of 5100A with the 600/4000
grating and a pixel scale of approximately 1A  0°215.
Multi-ob ject maskswere milled with slitlets 1°°wide pro-
viding spectral resolutions of 90 kms ! (red) and

130km s !(blue). Five maskswere exposedyielding
new data for 107 slitlets. The exposuretime was4 1800
and the seeingwas 0°8 - 12 FWHM; conditions were gen-
erally non-photometric. After ead set of four scienceex-
posures,internal at eld and Hg-Kr-Ne-Ar lamps were
obtained without moving the telescope to obtain accurate
fringing removal and wavelength calibration.

After biasremoval the individual slitlets were separated
and reduced in a standard manner (seee.g. Treu et al.
1999, 2001a). Extracted spectra were inspected by two
of us (TT and RSE) and 92 redshifts measuredby iden-
tifying absorption and emissionlines (when presen). A
quality ag { in a schemesimilar to that of Czosle et al.
(2001){ wasassignedto ead spectrum: 1=secure (63 ob-
jects), 2=probable (12), 3=possible/uncertain (17). The
latter category mostly includesspectra whereonly a single
feature can be detected.

4.2. The Redshift Catalog

The Cl0024+16 redshift catalog is based on the new
Keck data, the compilation from Czosle et al. 2001 (which
includesDressleret al. 19990bsenations) and unpublished
redshifts kindly provided by F. Owen (2001, private com-
munication) and A. Metevier & D. Koo (2001, private com-
munication). In total 1018redshifts, including duplicates,
are available, independerily of the WFPC2 data. Duplica-
tions arisein seweral ways. For somegalaxies,redshifts are
available from more than one source. The typically agree

to within 0.001; we adopt the averageand the rms scat-
ter asthe uncertainty. Discrepart redshifts were found for
only two galaxieswhich were removed from the combined
catalog.

The nal catalog comprises redshifts for 787 objects.
As noted by Czosle et al. (2002), the distribution around
z 04 is characterized by a main peak (A in Fig. 6),
a secondary peak at lower redshifts (B), interpreted by
Czosle et al. (2002) as a foreground system, and a third
sparserpeak of galaxiesat higher redshift. For a thorough
discussionof this complex redshift distribution and possi-
ble interpretations seeCzosle et al. (2002). Here we only
remind that the relative velocity betweenthe two peaks
is  3000km s ! in the rest frame of the cluster, and
that the formal velocity dispersionsof the two peaksare
approximately 600 km s 1. Adopting the velocity limits
for the peaksasde ned by Czosle et al. (2002), there are
304 galaxiesin peak A (0:387 < z 0:402) and 54 in
peak B (0:374 < z  0:387). Matching the above cat-
alog with the WFPC2 catalog yields what we will term
the WFPC2 2z catalog containing 362 objects, including
15 stars. Of the galaxieswith WFPC2 morphologies, 179
have redshifts within peak A but only 16 lie within peak
B (Fig. 6). In the following we will usethe term cluster
menbersto referto galaxiesin either one of the two peaks
(the results are unchangedif only peak A is considered).

L e S I S LA L S S

60 B A N,=304 7
N;=54
;;_ % %_ Ny usr=179
T T T Np =16

Z
Z
Z

Z

Fig. 6. Redshift distribution of galaxiesin the eld of Cl0024+16
in the vicinit y of z  0:4. The distribution from the parent redshift
catalog (Section 4.2) is shown as an empty histogram, while that
from the WFPC2-z catalog is shown asa lled histogram. The dou-
ble peak in the redshift distribution is discussed by Czoske et al.
(2002).

Figure 7 shaws the projected distribution of membersin
peaksA and B. As noticed by Czosle et al. (2002), thosein
peakB are fairly homogeneouslydistributed. By cortrast,
there is a marked clump of those in peak A to the NW
of the cluster certer. Becausethe fraction of areacovered
by our WFPC2 survey decreaseswith radius and the A
peak is more concenrated than the B peak{ the ratio of
galaxiesin peak B to galaxiesin peak A is smaller in the
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WFPC2-z samplethan in the full spectroscopicsample.
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Fig. 7.| Projected distribution of Cl0024+16 member galaxies

(see text for details) in redshift peaks A (black pentagons) and B
(red triangles). Solid symbols indicate objects with available HST-
WFPC2 images. The top and right scaleis in Mpc.
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Fig. 8.] Completeness of the WFPC2-z catalog, as a function

of | magnitude. Represertativ e error bars are shown for refer-
ence. Upp er panel: total number of galaxies, number of mem-
bers (0:374 < z <= 0:402), and number of non-members. Mid-
dle panel: redshift completeness, i.e. the fraction of galaxies with
measured redshift, for the entire survey (WFPC2-z) and separately
for the central POS00 eld and the remainder of the survey (NO
POS00). Lower panel: redshift completeness per broad morpho-
logical class.

4.3. Redshift Completeness

As the redshift catalog involves heterogeneousiatasets,
it is important to ched redshift completenessn apparent

magnitude, cluster radius and overall spatial extent.

First we examine completenessde ned as the ratio of
galaxies in the WFPC2-z catalog (N.) to those in the
| <225 Ilimited WFPC2 catalog, as a function of mag-
nitude and cluster radius. The magnitude dependenceis
shown in the middle panel of Fig. 8. This is very high at
bright magnitudes (especially for the certral POS00 eld),
stays above 50 % until 1 21 and drops signi cantly be-
yond|l  21. The upper panelof the same gure showsthe
actual numbersper magnitude bin. Completenesdoesnot
depend signi cantly on the morphological type, asdemon-
strated in the lower panel of Fig.8. Accordingly, in the
following analysiswe assumethat the WFPC2-z catalogis
represenativ e of the ertire population without introduc-
ing signi cant bias in the mix of morphological types.

radius (Mpc)

N,/N

0 200 400 600

radius (arcsec)

Fig. 9. Redshift completeness of the WFPC2-z catalog as a
function of cluster radius. On the top axis the scale in Mpc is
shown for reference. Represertativ e error bars are shown for ref-
erence. Upp er panel: all morphological types. Middle panel:
Per broad morphological typeto | < 21. Lower panel: Per broad
morphological typeto | < 22:5.

Second,in Figure 9 we show the redshift completeness
as function of cluster radius. At | < 21 the completeness
drops sharply from almost 80 % at the certer to below
20 % beyond 600°°( 3 Mpc). At fainter magnitudes the
completenesss signi cantly smaller, dropping below 20 %
already at 300°© Completenessas a function of radius
segregatedby broad morphological type is shown in the
middle and lower panelsof Figure 9. Importantly, no ma-
jor dierence is found at either faint or bright magnitude
limits, con rming that the WFPC2-z catalog appears to
be represenativ e of the morphological mix at any given
radius.

In summary, the WFPC2-z catalog is su cien tly com-
plete at | < 21, particularly in the certral Mpc whereit is
above 60%. It declinesto 20 % at 5 Mpc. The complete-
nessis much lower for galaxiesfainter than | = 21;it is
30% for | < 225in the certral Mpc. Sud incompleteness
is inevitable even after considerablee orts. Fortunately,
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howeer, the catalogis not obviously biasedin favor of any
particular morphological type.

We will argue in the next sectionsthat, by restricting
the analysesto | 21, uncertainties arising from both
incompletenessand morphological typing (seex 3.4.1) are
minimal. We will assumethat the distribution of morpho-
logical typesin the WFPC2-z sampleis represertativ e. It
is recognizedthat at large radii (4-5 Mpc) { where spectro-
scopicinformation is most neededto establishmembership
{ the WFPC2-z sampleis only ' 20 % of the parent sam-
ple, sosigni cant extrapolation is necessary Accordingly,
results basedon the WFPC2-z catalog in this region must
be interpreted with greater caution.

nature of envir onment al
in cluster galaxies

5. the physical
evolution

Before interpreting the obsenations, it is cornveniert to
build a physical framework for our study by de ning the
relevant time, velocity, and length scalesassaiated with
someof the various processeghat have beenproposedfor
the environmental ewolution of cluster galaxies. We intro-
duce these processesn Section 5.1. Since there exists a
considerableliterature on this subject with creative termi-
nology often usedwith various meanings,we also usethis
opportunit y to de ne our own terminology. ldeally we are
interested in reconstructing the ewolution of a single, hy-
pothetical represenativ e galaxy asit ernters the cluster po-
tential and interacts with the intercluster medium. To this
aim, we preser estimatesof the sphereof in uence of eah
relevant physical processa ecting the infalling galaxy.

Using a simple cluster model and estimates of relevant
length, time and velocity scalesdiscussedin the Appen-
dices, in Section 5.2 we discussprojection e ects and use
the various scalesto de ne various obsenable regions of
the cluster for ead of the physical mecanisms listed in
Section 5.1. The key output is a seriesof distinguishing
zoneswhich will form the basisof the later analysis.

5.1. Environmental Processesin Rich Clusters

For simplicity, we de ne the various processesunder
three broad headings: galaxy-ICM interactions (which
refers to the interaction of a cluster galaxy with the
gaseouscomponert of the cluster), galaxy-cluster gravi-
tational interaction (which includestidal and related dy-
namical processes)and smaller-scalegalaxy-galaxy inter-
actions. Clearly the distinction is, in places, somewhat
arbitrary .

1. Galaxy-ICM interactions. a) Ram pressure strip-
ping, the removal of galactic gas by pressure ex-
erted by the intercluster medium (Gunn & Gott
1972; Fuijta 1998;Fujita & Nagashimal999; Abadi
et al. 1999; Toniazzo & Sdindler 2001; Fujita
2001), serwesto terminate star formation by remov-
ing the gassupply. b) Thermal evaporation of the
galactic interstellar medium (ISM) by the hot ICM
(Cowie & Songaila 1977). c) Turbulent and vis-
cous stripping of the ISM (Nulsen 1982; Toniazzo
& Sdindler 2001). d) Pressure-triggeredstar for-
mation in which galactic gasclouds are compressed
by the ICM pressurethereby temporarily increas-
ing the star formation rate (Dressler& Gunn 1983;
Evrard 1991;Fujita 1998).

2. Galaxy-cluster gravitational interactions. a) Tidal
compressionof galactic gas(Byrd & Valtonen 1990;
Henriksen & Byrd 1996; Fujita 1998) by interac-
tion with the cluster potential can increasethe star
formation rate; b) Tidal truncation of the outer
galactic regions (e.g. the dark matter halos) by
the cluster potential (Merritt 1983, 1984; Ghigna
et al. 1998; Natarajan et al. 1998). If tidal interac-
tions remove the gas resenoir they can also lead
to quending of star formation but, more gener-
ally, such processescan be inferred via structural
changesin the galactic masspro les.

3. Galaxy-galaxy interactions. a) Mergers, i.e. low
speedinteractions betweengalaxiesof similar mass
(Icke 1985; Mihos 1995; Bekki 1998). b) Harass-
mert, i.e. high speedinteractions betweengalaxies
in the potential of the cluster (Moore et al. 1996;
Moore, Lake & Katz 1998;Moore et al. 1999).

Depending on the fraction of gasremoved and its rate,
ram-pressure stripping, thermal evaporation, turbulent
and viscousstripping can lead either to a rapid quending
of star formation or a slow decreasein the star forma-
tion rate if only the loosely bound resenwir surrounding
eld galaxiesis a ected (Larson, Tinsley & Caldwell 1980,
Balogh, Navarro & Morris 2000;Diaferio et al. 2001;Drake
et al. 2000). Independert of the precise physical process,
we will label this slov decreasen the star formation rate
starvation.

i merging (6)

harassment (5)

starvation (4) -

ram pressure stripping (3)
— tidal triggering star formation (2) —

— tidal halo stripping (1)
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Fig. 10.| Summary of the regions where key physical mecha-
nisms are likely to operate. Top panel: the horizontal lines indicate
the radial region where the mechanisms are most e ectiv e (in 3-D
space; note that harassmert is e ectiv e in the entire range). Lower
panel: for each projected annulus (as in Figure 12) we identify the
mechanisms that can have a ected the galaxy in the region (red).
The blue numbers indicate processesthat are marginally at work.
For reference, the virial radius isry  1:7 Mpc. SeeSection 6.2 for
discussion.
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The above medanismscan a ect the obsened internal
structure of cluster galaxies, including the massdistribu-
tion asprobed by galaxy-galaxy lensing, internal kinemat-
ics as probed by resolved spectroscopy, and/or the star
formation properties as probed with diagnostic spectro-
scopic and photometric features. Crucially, changesin
internal structure and star formation properties can af-
fect morphologies. In disertangling the various e ects, we
must attempt to rank { at least approximately { the im-
portance of each mecdanism for various physical regionsof
the cluster. The dominant physical medanismstogether
with the estimate of their spheresof in uence { asderived
in Appendix B { are summarized in the upper panel of
Figure 10.

5.2. De ning Diagnostic Cluster Regions

In order to explain the run of obsenables with radius
in terms of the various physical mecanismsdiscussedwe
use the spheresof in uence shawn in Figure 10 and the
physical scalesestimated in the Appendices,to determine
how our instantaneousview of the obsened position of the
cluster galaxies may be linked to the physical and tem-
poral scalesof inuence of eadh medanism taking into
account the e ects of projection. Although galaxiescan
move signi cantly during transient phenomenaof 1 Gyr
duration, the goal is to identify projected regions where
we can excludethe possibility that certain medanismsare
at work. We de ne three annular projected regions: the
cluster certer, a transition region and the cluster periph-
ery (shown in Figure 10, lower panel) within which we will
seard for correspondencein the obsened properties of the
galaxy population.

1. The certral region comprisesthat within a 1 Mpc
radius. It is the region where the cluster potential
is steepest and the ICM is detectable. Most of the
mechanisms are e ectiv ely at work (seeFigure 10,
lower panel), speedscan be high (up to a few thou-
sandsof km s 1), and projection e ects can pollute
this certral regionwith galaxiesthat are at the pe-
riphery of the cluster. Hence unfortunately none
of the mechanisms can be de nitely excluded, al-
though we can expect the medanisms mostly re-
lated to the cluster potential (tidal stripping and
tidal triggering) to be dominant. This is also the
region mostly probed by previous HST surveys.

2. The transition region - an annulus between 1and
2:4 Mp c comprising the virial radius{ is su cien tly
far from the center that galaxies obsened in this
region cannot have experiencedtidal e ects more
recertly than 0.5-1 Gyr ago and cannot be expe-
riencing ram-pressurestripping (although they can
have in the recert past).

3. The periphery is the annulus between 2:4 Mpc
and the outermost radius probed (5 Mpc). It is
so far from the certer (and speedsare lower than
in the rest of the cluster) sothat, given the discus-
sionin Appendix C, we can safelyassumethat most
of the galaxiesat the periphery of the cluster have
never been through the cluster center and therefore
have never experiencedthe e ects of tidal stripping,

tidal triggering of star formation and ram-pressure
stripping. Nevertheless,they may be experiencing
starvation and are able to undergo mergersor be
harassedby massiwe nearby galaxies.

in cl0024

We now combine the morphological and the redshift cat-
alogsto study the distribution of morphological typesin
Cl0024+16 both asa function of radius (hereafter the T-R
relation; Section 6.2) and as a function of the local pro-
jected density (hereafter the T- relation; Section 6.3)

In the local Universe,the T and T-R relations have
been actively studied over the past three decades(Oem-
ler 1974; Melnick & Sargent 1977; Dressler 1980; Post-
man & Geller 1984; Giovanelli et al. 1986; Whitmore &
Gilmore 1991; Oemler 1992; Whitmore, Gilmore & Jones
1993), often in terms of the quest for the most fundamen-
tal relation. Indeed, there is a strong sciertic motivation
for determining and comparing theserelations over a wide
rangeof environmental density in orderto determine which
physical processedundamertally governs the morpholog-
ical ewolution of galaxies. For example, the T-R relation
should provide a tool to investigate the e ects of those
phenomenawhich are related to the cluster's gravitational
potential including interaction with the hot intercluster
medium: such phenomenashould run broadly as a func-
tion of azimuthally-smoothed radius. On the other hand,
the e ects of local overdensitiesand subclustering in the
residert or newcomer population, will be erasedin the T-
R analysis. In this case,it is useful to examine the T-
relation.

Dressler(1980) introducedthe T- relation asa means
to investigate the environmental e ects on galaxy ewvo-
lution in non symmetric (\non-relaxed") clusters, where
the de nition of a cluster certer wasdi cult and ambigu-
ous. Remarkably, Dressler(1980) found that the T- re-
lation in the local Universewasidentical for \relaxed" and
\non-relaxed" clusters (seealso Dressleret al. 1997), and
used this result to argue against ram-pressure stripping
asa dominant mecanism to transform spirals into E+S0.
Whitmore & Gilmore (1991) and Whitmore et al. (1993)
reanalyzedthe data in the Dressler'ssampleapplying sev-
eral corrections to the badground estimate, magnitude
limit, and certer estimate. They claimed that morphol-
ogy correlates better with radius than with local density
and since a sharp decreasein the fraction of E+S0 with
radius is seenonly in the innermost regions( 0:5 Mpc)
they arguedthat tidal disruption of spirals and SO by the
cluster potential is the dominant mecanism.

Further insight can be gained by studying the T-R
and T- relation at intermediate redshift z 0.5, where
the galaxy population is undergoing profound transforma-
tions. Dressleret al. (1997) studied the T- and T-R re-
lations in the core (typically within the inner 0.5 Mpc) of
a sampleof clustersat z 0:3 0:5including CI0024+16.
For the high concerration clusters{ suc asCL0024+16 {
they found the fraction of early-type galaxieswasa steeply
increasing (decreasing) function of local density (radius).
By cortrast, the low concerration clusters did not shaw
any gradiert in the fraction of early-type galaxies with
respect to local density or radius. Consequetly they in-
ferred that low concerration clustersare lessevolved then

6. the morphological  distribution
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high concerration onesand segregationof morphological
typeshasnot happenedyet. Unfortunately, their data did
not cover the periphery of clusters, which we argue (Sec-
tion 5) is helpful in understanding the mecanismsdriving
the change of the morphological mix betweenz  0:5 and
today (Dressleret al. 1994;Couch et al. 1994; Dressleret
al. 1997).
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Fig. 11.| Average observed galaxy density per WFPC2 pointing
in the Cl0024+16 eld as a function of distance from the cluster
center for two magnitude limits. The top axis shows the scale in
Mp c. Error bars show the errors computed assuming Poisson noise.
Solid and dashed lines indicate eld number counts determined re-
spectively by Abraham et al. (1996a) and Postman et al. (1998).
Beyond 1 Mpc the surface density approaches this value.

We wish to extend the T- and T-R relations to larger
radii (5 Mpc) and lower projected densities. As a lab-
oratory for investigating this issue, Cl0024+16 is an in-
teresting casebecausethe two descriptions are not com-
pletely equivalent. Both the redshift distribution (Fig-
ure 6) and the projected distribution (Figure 7) indicate
the cluster is not perfectly regular or relaxed (Czoske et al.
2002), notice in particular the overdensity NW of the cen-
ter, with a somewhatpoor corresppndencebetweenradius
and projected density. These issuesare shavn quartita-
tively in Figure 11, where we plot the obsened (not eld-
subtracted) averagegalaxian density per WFPC2 pointing
asa function of cluster radius. Although an averagetrend
is seen,there is considerablescatter (Section 6.3). Accord-
ingly, contrasting galaxy propertiesin the context of both
variables will be illuminating.

6.1. Measuring the T- and T-R relations

In orderto derivethe T- and T-R relations we must re-
move badkground/foreground cortamination, compute the
limiting magnitude and determine the cluster certer. The
ideal solution for resolving eld contamination - the spec-
troscopic identi cation of all cluster membersto our mag-
nitude limit over the ertire Cl0024+16 eld - is beyond
our current obsenational resources. Despite almost 800
redshifts, our WFPC2-z catalog is only 20 % complete

at the periphery (Section 3). Achieving reasonablespec-
troscopic completenessover such a large areais certainly
a worthwile goal within reac of the new generation of
high-multiplexing spectrographs currently being commis-
sioned on large telescopes (DEIMOS & IMA CS on Keck
and Magellan, for example). For now, we adopt a statis-
tical approach basedon the average eld number courts.
Howewer, despite progressin measuring eld courts (e.g.
Postman et al. 1998; Casertano et al. 2000), the uncer-
tainties are still signi cant for our purposes.In Figure 11
we plot both the I-band bacdkground surface density as
measuredby Abraham et al. (1996a) and Postman et al.
(1998), to illustrate this uncertainty. The uncertainty is
clearly relevant at large radii. Additionally, eld galaxies
are clustered on the angular scaleof a WF chip (seealso
Valotto, Moore & Lambas2001)thus eld to eld variation
dominates the uncertainty in the background contamina-
tion.

To estimate the averagebackground count per morpho-
logical type, we adopt the Postman et al. (1998) humber
counts, scaledby the fraction of morphologicaltypesfound
by Abraham et al. (1996a) at the corresponding limiting
magnitude. For examplethe fraction of compact/E+S0/S
(seebelow) are 5%:28%:49%at | < 21 and 10%:18%:43%
at | < 225. This procedure conbines the advantage of
having the large area used by Postman et al. (1998) to
determine the counts, with the badground morphological
distribution determined on the samestemeby the same
classier.

Another important issueis the computation of the limit-
ing absolute magnitude. The catalog of local clustersused
by Dressleret al. (1980) is limited to galaxiesmore lumi-
nousthan My = 20:4 (Hp = 50km s *Mpc ?; seealso
Dressleret al. 1997and referencegherein). This limit can
be corverted into an I-band apparert magnitude using,

My =1 DM + myg; (l)
where the k-color correction (Treu et al. 2001a) myg =
0:85 0:03is computed using a broad range of synthethic
spectra (Bruzual & Charlot 1993; GISSEL96 version) and
empirical templates (Kinney et al. 1996). The uncertainty
in the transformation is very small because,at the red-
shift of ClI0024+16, the F814W Iter closely matchesrest
frame V. From Eq. 1 the apparert magnitude limit of the
local morphology-density analysisby Dressleret al. (1980)
correspondsto 1=21.13.

Since a galaxy with My = 20:4 at z=0 most likely
did not have the sameluminosity at z 04, it is im-
portant to consider corrections for luminosity ewolution.
For the E+SO population, Fundamertal Plane (Djorgov-
ski et al. 1987; Dressleret al. 1987) studies indicate rest-
frame V band brightening of 0:4 0.6 magsby z=0.4
(van Dokkum & Franx 1996, Treu et al. 1999, 2001b;
van Dokkum et al. 2001; Bernardi et al. 2003). The ex-
pected ewlution for spirals is less clear, with reported
measuremelts ranging from none to up to 1 magni-
tude of brightening to z 1 in rest-frame B (Lilly et al.
1998;Simard et al. 1999). Metevier, Koo & Simard (2002)
have constructed the Tully-Fisher relation for 7 galaxiesin
Cl0024+16 and nd no evidencefor a changein the slope
or intercept with respect to local samples. Clearly if these
indications are correct and we ignored any luminosity cor-
rection, we would overestimate the fraction of early-type
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galaxies. Given the uncertainties, as in previous studies
we prefer to present the obsenations, neglecting evolu-
tion. Fortunately, our results are not particularly sensitive
to changesof  0:5 magsin the applied limit (changes
within the errors; seealso Dressleret al. 1997;Kodama &
Smail 2001). Furthermore, we are particularly interested
in the trends within one system, which are not a ected by
di erential luminosity ewolution.

Although Cl0024+16 is certrally concerrated and ap-
proximately rotationally symmetric to the extent that a
T-R analysis is justied, some asymmetry is seen, e.g.
the overdensity to the NW. For consistency with previ-
ous studies we adopt the X-ray certer as cluster certer.
Howewver, we have repeated the analysisin the following
sectionsadopting alternativ e certers (Table 1) and the re-
sults are robust, changing lessthan the error bars.

Finally, we will restrict ourselvesto the broad morpho-
logical classi cation scheme which is robust at | < 21:1
(Section 3.4). This provides good statistics at low densi-
ties/large radii and enablesus to perform better eld sub-
traction. For simplicity we will refer to the broad morpho-
logical classesas compacts (C;T=-1), early-types (E+SO;
0-2), spirals (S; 3-5), and \irregulars" (l; 6). Finer classi -
cation, including the separation of E and SO galaxies(see,
e.g., Dressleret al. 1997, Andreon et al. 1998; Fabricant
et al. 2000) will be deferreduntil a later paper.

6.2. Radial trends
6.2.1. Observations

We now discussthe obsened radial trends in morpho-
logical types. There are three key issues. How far out in
radius canwe trace the cluster in our dataset? What is the
run with radius of the density of E+S0 and S+l galaxies?
How doesthe cluster population of ClI0024+16 compareto
the surrounding eld?

The lower panel of Figure 12 shaws the fraction of spec-
troscopic members (de ned as that fraction of all with
redshifts lying within 0:374< z < 0:402) as a function of
radius. Error bars were obtained assumingthe binomial
distribution (Gehrels 1986). Clearly, there is an excessof
galaxiesto the largestradius (* 5Mpc). Using the Canada
France Redshift Survey Spectroscopiccatalog (Lilly et al.
1995)limited at | < 211, only afew percert of eld galax-
iesis expectedto lie within this narrow redshift range. In
the two upper panelswe shav the E+S0 and S+| surface
density as a function of radius, computed by removing
the badkground as discussedabove (Sec6.1). Error bars
are computed assuming Poisson statistics (Gehrels 1986)
not corrected for eld galaxy clustering. At large radii
(the periphery) no statistically-signi can t excessof either
typeis found. This is due in part to the large additional
uncertainties involved in the type-dependert subtraction.
A small systematic over-subtraction of the background
cannot be excluded, considering the cluster is optically-
selectedand the presenceof a local background underden-
sity would have enhancedits discovery (Dressler 1984).
The type-dependert excesss detectableout to a radius of
1 2 Mpc and becomesvery signi cant only within the
inner 1 Mpc. As far asthe mix of morphological typesis
concerned,the densitiesof E+S0 and S+ galaxiesremain
quite similar down to the certral regionsand only within

the certral 200kpc doesthe E+S0 componert becomethe
dominant componert.
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Fig. 12.|] Radial trends. Top panel: Surface density of member
E+S0 galaxies (I < 21:1) as a function of radius, after statistical
removal of the background/foreground contamination. The den-
sity in galaxies per Mp ¢? is shown on the right scale for reference.
Error bars assume Poisson statistics. Middle panel: as the top
panel for spiral and irregulars members. Lower panel: fraction of
galaxies with redshifts (N;) that are members (Nm) as a function
of radius. Note that members are found to the outermost region
probed. The three diagnostic regions de ned in Section 5 and Fig-
ure 10 are indicated. The best tting X-ray surface-brightness
prole (Bwohringer et al. 2001), in arbitrary units, is shown on the
lower panels for comparison.

Figure 12 shows the importance of using spectroscop-
ically conrmed menbers for the periphery. In the in-
ner Mpc howewer, the error introduced by our statisti-
cal background/foreground correction is acceptable and
both the WFPC2 and the WFPC2-z catalogscan be used.
The result of enlarging the inner sample to include the
WFPC2 catalogis shawn in Figure 13 for both E+S0 (up-
per panel) and S+I (lower panel) galaxies. Fractions de-
termined from the WFPC2-z sample are plotted as solid
symbols, with errors determined assuminga binomial dis-
tribution. The fractions could be biasedif the incomplete-
nessdepends on morphological types, which seemsnot to
be the case(Sec4.3). However, the numbers involved are
small (50 galaxiesper radial bin) and the errors accord-
ingly large. Fractions determined from the WFPC2 sam-
ple (open points) su er lessfrom small number statistics,
therefore are probably to be preferred in the innermost
regions (. 0:5 Mpc) when the uncertainty due to back-
ground/foreground cortamination removal is su cien tly
small.

The inner Mpc shows a steep gradiert in morpholog-
ical mix. E+SO galaxies dominate and reach  75% of
the population in the inner 200 kpc (lower than in local
clusters where they reach almost 100%, e. g. Whitmore,
Gilmore & Jones 1993). Beyond 1 Mpc the fraction of
E+S0 remainsconstart within the error, or at most mildly
declining (from 51 7% to 42 13%). A more signi -
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cant di erence is seenbetweenthe morphological mix at
1 Mpc (51 7%) and the eld (37 7%). The eld frac-
tion was determined by combining the subsampleof the
CFRS-LDSS with HST images(Brinchmann et al. 1998),
limited to | < 21:1 andto 0:3 < z < 0:5, interlopers lo-
cated in the ClI0024+16 WFPC2-z catalog with | < 21:1,
0:3< z< 0:370r 0:42 < z < 0:50, and interlopers lo-
catedin the Morphs databasewith HST imagesin F814W
and | < 211, in the range 0:3 < z < 0:5. These eld
samples are the most appropriate given that they were
consistertly classi ed by the same classi er (RSE), and
are either spectroscopically complete (CFRS-LDSS) or at
leastsu er from similar incompletenessasthe cluster sam-
ples (Cl0024+16 and the Morphs). Howewer, the mix in
the eld sampleis aected by small number statistics!!
and cosmicvariance. Surprisingly, no larger spectroscopi-
cally complete sampleof eld galaxieswith HST imaging
is yet available to improve this comparison. The accuracy
of the cluster fractions will improve when more redshifts
in the periphery will be available, allowing us to improve
the determination of the slope of the early-type fraction
from the transition region to the periphery to the eld.
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Fig. 13.| The fraction of morphological types (I < 21:1) in
Cl0024+16 as a function of cluster radius: (upp er panel) fraction of
E+SO galaxies; (lower panels) fraction of spirals. Fractions deter-
mined from the entire WFPC2 sample { removing the background
statistically as detailed in Section 6.1 { are shown as large empty
points, while fractions determined from the spectroscopic WFPC2-
z catalog are shown as solid points. Points beyond the dashed line
at 5.1 Mpc are eld fractions determined from the CFRS-LDSS
survey (0:3 < z < 0:5; Brinchmann et al. 1998), eld galaxies
in the Cl0024+16 area in the cluster vicinity (0:3 < z < 0:37 or
0:42 < z < 0:4), and interlop ers with F814W imaging from the
Morphs collaboration (Smail et al. 1997; Dressler et al. 1999).

6.2.2. Discussion

As a rst step in understanding the radial run of the
E+SO fraction, we seekto identify which physical mec-
anism(s) among the onesdescribed in Section 5 can (or
cannot) be responsible for the transformation of the in-

falling galaxies. To investigate this, we will considerthe
three diagnostic regions de ned in Section 4 (Figure 10
and Figure 12): the certer, transition, and periphery.

In the transition region, isolated infalling galaxiescan-
not have experiencedtidal e ects or ram pressurestripping
morerecertly than 0.5-1Gyr ago. In the periphery most of
the galaxieshave never been throughthe center and there-
fore are free from the e ects of tidal stripping, tidal trig-
gering of star formation and ram-pressurestripping. The
mild declinein star formation assaiated with the gertle
demise of spirals betweenthe eld and the transition re-
gion (Figure 13) cannot be ascribed to tidal interactions
with the cluster potential nor to ram pressure stripping
or triggering of star formation none of which are e ectiv e
here. Setting asidemerging{ which we will discusslater {
this leavesus starvation and harassmen Ultimately , a di-
rect obsenation that the infalling population has smaller
gasresenwirs than in the eld would be neededto discrim-
inate these. Accurate star formation diagnosticsat large
radii would provide someconstraints. If signi cant num-
bers of starbursting/p ost-starburst galaxies (see Dressler
et al. 1999; Poggiarti et al. 1999) are found at the pe-
riphery, quending would have to occur after a burst had
depleted the gas, in contrast with the starvation picture
(Balogh, Navarro, Morris 2001; Diaferio et al. 2001). Ha-
rassmen should be detectable through an increasedfrac-
tion of disturb ed/interacting galaxieswith respect to the
eld (Oemler et al. 1997). Unfortunately, it is not obvious
how to unambiguously recognizethe e ects especially for
high surfacebrightness Milky-W ay type spirals where the
signatures could be subtle (Moore et al. 1999).

Whichever mecanisms are involved, the timescalesfor
the gradual morphological transformation between the
eld and the transition region are rather slow (see Sec-
tion 5 and Appendix C). Are the samephenomena,ap-
propriately acceleratedand intensi ed, responsiblealsofor
the steeptrend in the inner Mpc? Or are additional med-
anisms at work? A quendiing medanism could produce
gertle morphological changesover a few Gyr and the mild
gradiens obsened beyond 1 Mpc radius. An additional
medanism, more appropriate to the cluster certer, would
induce rapid and dramatic changesvia bursts of star for-
mation and/or major structural changes. Multiple med-
anisms/timescaleshave beendiscussedby Poggiarti et al.
(1999) and Dressleret al. (1999) who claim that the star
formation properties of infalling galaxiesreact rapidly to
ernvironmental in uences becomingvisible as soon asthey
sensethe cluster potential. By cortrast, more time is
neededfor signi cant morphological transformations.

A completely di erent possibility discussedin the next
section involves a segregatione ect. Objects at di erent
radii represett oneswith di erent early assenbly (merger)
histories which are insu cien tly mixed in the cluster to
erasecorrelations betweentheir history and their current
location (Diaferio et al. 2001).

6.3. The morpholagy-density relation
6.3.1. Observations

We now examinethe T relation to further investi-
gate the infalling scenarioand the e ects of segregation.

11 The numbers are E+S0/S+I/T otal 24/39/64 i.e. 37 7%,61 7%, assuming binomial distribution.
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Following Dressler(1980), we estimate the local projected
density assaiated with ead galaxy by computing the area
of the rectanglewith sidesparallel to the cardinal axis that
enclosesthe galaxy and its ten nearest neighbors, using
this areato compute the local density, and nally by re-
moving the badkground contamination (asdescribed above
in Section6.1). We only considerthose galaxiesassaiated
with a positive density.
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Fig. 14. Morphology-pro jected density relation for galaxies

in Cl0024+16. For comparison, points with error bars show the
fraction of E+SO determined by the Morphs collaboration for the
central eld of Cl0024+16 (Smail et al. 1997; Dressler et al. 1997).
The histogram with error bar at low surface densities represents the
fraction of E+S0 in the eld at z 0:4 (at | < 21:1; seeSection 6.2
for discussion).

The resulting T- relation (Figure 14) shaws that the
fraction of early-type galaxies increases monotonically
with local surface density. For comparison, we overplot
the fraction of E+S0O as a function of projected density
for the certral region of Cl0024+16 as determined by the
Morphs collaboration (Smail et al. 1997; Dressler et al.
1997) 12, as appropriate for our assumedcosmologyand
magnitude limit.

Our data extendsthe measuremen by well over an or-
der of magnitude in projected density . In the region of
overlap there is a good agreememn betweenthe two mea-
suremerns. The slope in the fraction of E+S0 galaxiesap-
pearsto atten just below the limit probedby the Morphs,
declining gertly from  50% towards the eld '3 value of
37 7% (obtained as described in x 6.2). This behavior
is very similar to that obsened locally, wherethe T- re-
lation extends over seweral orders of magnitude in density
from clusters cortinuously to the eld (Postman & Geller
1984, seealso Bhavsar 1981, de Souzaet al. 1982, Gio-
vanelli et al. 1986).

6.3.2. Discussion

The existenceof the T- relation at low densities was
not a priori implied by the existenceof the T R re-
lation, even for an approximately regular cluster such as
Cl0024+16. Figure 15 shows that local density is not a
well de ned function of radius, exceptin the certral 0.5
Mpc. Spikesin projected density { such asthat at 1Mpc
{ ariseasa result of substructures (a similar phenomenon
is seenalso locally, seee.g. Andreon 1996).
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Fig. 15.| Local surface density vs cluster radius in Cl0024+16

revealing the large range at a given radius and the spike in local den-
sity at 1 Mpc. The points with error bars indicate the average

within radial bins, and the scatter expected from measurement
errors, basedon Poisson statistic for the cluster members and on the
uncertainty on the background removal based on the two-point an-
gular correlation function measured by Postman et al. (1998). The
expected uncertainty as a function of is shown in the right panel.

The scatter is signi cantly larger than expected from
measuremen errors. Using the de nition of  (Dressler
1980), the measuremen scatter can be estimated assum-
ing a Poissondistribution for the cluster membersand the
eld to eld variation of the badkground, corrected using
the two-point correlation function as measuredby Post-
man et al. (1998). The expectederror asa function of is
shown in the right panel of Figure 15, while the points with
error bars represen the average in radial annuli, with
the scatter expected from measuremenh uncertainties.

How is the scatter in the local density at a given radius
consistent with the derived T- relation? At face value
the existenceof a relation implies galaxiesare more aware
of their local overdensity than cluster location. Weinvesti-
gated this further by dividing our samplein two subsets*:
one from the certral POS00 eld (i.e the inner 0.5 Mpc,
where the R relation is monotonic) and one from the

12 A very similar relation is obtained by combining data from the three high-concentration clusters observed by the Morphs collaboration in

the F814W lter, i. e. Cl0024+16, Cl0016+16, Cl0054-27.

13 The surface density of the eld has beenestimated asthe counts yielded by the galaxy luminosit y function (e. g. Ellis et al. 1996) integrated

10 Mp c along the line of sight.

14 We also tried diving the sample in two, inside and outside 0.5 Mpc, and the results are very similar to the casediscussed here.
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overdensity 1 Mpc NW of the certer corresponding to
the spike in local density in Figure 15 (POS36, seemap in
Figure 1).
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Fig. 16.] The fraction of E+S0 galaxies in Cl0024+16 as a func-
tion of local projected density for galaxies in the central (solid pen-
tagons) and in the NW overdensity region (open squares; POS36)
corresponding to the spike in local density at 1 Mpc in Figure 15.
Note the close match in the regions of overlapping density.

Figure 16 shows the results of this exercise. The frac-
tion of early-type galaxies still correlates with the local
density in the two subsets,i. e. galaxies at large radii
clearly \know" if they are in a local overdensity. In the
overlapping density region, the fractions of morphologi-
cal types are mutually consistet. These conclusionsare
particularly signi cant when one considersthat the clus-
ter galaxieswithin 1 Mpc are moving at speedsof 1
Mpc Gyr 1. At the typical densitiesof 100gal Mpc ?
wheredi erences in the morphological mix becomesigni -
cant, the smoothing box inherert to our measuremen is of
order 0:1 Mpc?. Hencegalaxieswith uncorrelated veloc-
ity vectorswould erasethe T- relation in much lessthan
a Gyr, unlesswe assumethat morphology is a transient
phenomenonwith implausibly short duration.

Not only are galaxy properties arranged according to
their local ervironment but apparertly in undertaking
their motion within the cluster potential they move with
it (i.e. they retain their identity in these groups as infall
continues). This is a clearindication that { at leastoutside
the certral region { the cluster is more logically viewed as
a collection of larger self-cortained poorly-mixed clumps
(Dressler& Shectman1988,Zabludo & Franx 1993). The
presenceof substructure is con rmed at high signi cance
by the Dressler& Shectman(1988) test: even considering
galaxiesin peak A alone the probability of positions and
radial velocities being uncorrelated is lessthan 4 10 *
(< 10 4 combining peaksA and B). Another way to view
this result is that, within the error bars, outside the clus-
ter certer, the mix of morphologicaltypesat given surface
density is irrespective of that clump's location within the

cluster (seeFigure 16).

Although radial trends in morphology were discussedn
Section 6.2 in the context of infall timescales,we have ar-
gued on the basis of Figures 14-16, that outside 1 Mpc,
the local projected density plays the main role. We inter-
pret this as evidencethat Cl0024+16 is accreting galax-
ies in organized substructures, ead of which obeys some
form of T- relation. An interesting explanation of our
obsenations would be that the correlation betweenlocal
density and morphology arises as a result of pre-cluster
conditions, possibly becausegalaxieslocated at dierent
local densitiessu ered di erent assenbly and star forma-
tion histories.

Both radial and density e ects are important but in-
uence dierent regimes. Beyond 0:5 1 Mpc, we are
witnhessingtrends that relate to the previous assenbly his-
tories of infalling groups. Starvation may play somerole in
changing the fate of galaxiesin theseclumps, but whatever
processis at work, it operatesslowly and is insu cien t to
supplarnt that basedon segregationwhich is not erasedby
mixing. Inwards of 0:5 1 Mpc, the tight correlation be-
tweenradius and density (Figure 15) presumably follows
the disruption of this substructure. At this level, the cor-
relation with the initial local environment is probably lost,
while retaining the morphological segregationasa function
of radius. The cluster radius then becomeghe fundamen-
tal variable. Phenomenamore closelyrelated to the clus-
ter potential { sud as tidal interaction or ram pressure
stripping { may play an additional role in morphological
transformations.

The T trend found outside the certral region
strengthensour earlier conclusion(Section6.2.2)that ram-
pressurestripping, ram-pressuretriggering of star forma-
tion, tidal truncation and tidal-triggering of star formation
by the main cluster potential are not dominant. Further a
T- relation is alsofound locally in non-concertrated sys-
tems, where presumably the e ects of the overall cluster
potential and the ICM are negligible; Dressler 1980).

Finally, Figure 17 compares our T- relation for
Cl0024+16 with that determined locally (Dressler 1980,
revised in Dressler et al. 1997). At projected densities
higher than 20 gal Mpc 2, the fraction of early-type
galaxiesis higher in the local Universethan in Cl0024+16
at any given . This agreeswith other intermediate red-
shift studies which indicate that the fraction of E+SO
declines with redshift (e. g. van Dokkum et al. 2001).
An equally interesting result (unique to the CIl0024+16
dataset) isthat at local densitiesbelov  20galMpc ? the
morphological mix at z  0:4 is indistinguishable (within
the errors) to that obsened locally. A related result is
seenin the T-R relation at the periphery (c.f. Figure 13
with Figure 12 in Dressleret al. 1997). The eld number
densitiesareinsu cien tly preciseto establishwhether this
is a displacemen of E+S0O galaxiesfrom the eld to the
highest density regions, a transformation of spirals into
E+S0s, or a combination. Regardless,it is clear that the
morphological mix of galaxiesin low density ervironments
has not changed signi cantly sincez 04 ( 30 % of
the Hubble time). In combination with the (at most) mild
gradients of morphological fraction at large radii discussed
in Section 6.2.2, and with the mild declinein star forma-
tion rate in the outer parts of clusters, we interpret this as
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further evidencethat slow ervironmental processesre at
work in the outer parts of clusters.
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Fig. 17.| The morphology-pro jected density relation for galaxies
in Cl0024+16 (histogram) compared to the local relation as deter-
mined by Dressler et al. (1997). The local early-type fraction is
shown as red solid pentagons (for clarity the spiral fraction is omit-
ted). The local relation has been corrected to our adopted value of
the Hubble constant Hp = 65km s 1Mpc 1

7. conclusions

In this paper we have preseried the rst results from a
wide eld HST survey of the rich galaxy cluster Cl0024+16
atz 0:4. Weexploit an unique wide- eld mosaicof HST
WFPC2 imagesand relate theseto available spectroscopic
data in order to examinethe morphological mix asa func-
tion of radius and projected galaxian density. Our main
obsenational results can be summarized as follows:

1. We have obtained WFPC2 obsenations (39 inde-
pendent pointings) covering an approximately cir-
cular region of 10 Mpc in diameter around the cen-
ter of Cl0024+16. The areal sampling rangesfrom
100 % at the certer to 20-40 % at the periph-
ery. We produce an object catalog comprising over
22,0000bject to I 25 (F814W). All 2200o0bjects
to I = 225 have beenmorphologically classi ed in
a scheme broadly similar to that adopted for the
Medium Deep Survey.

2. Approximately 100 new redshifts in the eld have
been obtained using the W. M. Keck | telescore.
Together with other redshift catalogs (Dressler et
al. 1999; Czosle et al. 2001; Owen 2001; Metevier
& Koo 2001) this brings the total number of ob-
jects with redshift to 787 (including 358 menbers;
0:374 < z < 0:402). After crosscorrelation with
the morphological WFPC2 catalog we created the
redshift WFPC2-z catalog, consistingof 362 objects
with both redshift and WFPC2 imaging (195 clus-
ter members).

3. Using a simple model for the cluster basedon the

obsened massestimate and X-ray surface bright-
nessprole (Appendix A), we have estimated the
time and velocity scalesfor galaxy infall and the re-
gions of in uence of various mecdanisms proposed
to accourt for ervironment ewlution. We de ne
three projected regions; the cluster certer (. 1
Mpc) where tidal e ects of the cluster potential
and those of the ICM are dominant; the transition
region ( 1-2.4 Mpc, comprising the virial radius)
where galaxiesdo not experiencethe strong inter-
action with the cluster potential and the ICM, but
somefraction of galaxiesmay have experiencedin-
teraction with the cluster certer in the recen past
(< 1Gyr), andthe periphery beyond 2.4 Mpc where
galaxies are entering the cluster for the rst time
and where ervironmental trends are driven by slow
(> 1 Gyr) phenomena.

. We have usedthe morphological catalog (WFPC2)

and the redshift catalog (WFPC2-z) to study the
galaxy population and the mix of morphological
typeswith cluster radius (the so-calledT R rela-
tion) to the previously unexplored regionsbeyond 1
Mpc at z=0.4. Cluster galaxies(0:374< z < 0:402)
are found out to 5 Mpc from the cluster center,
but the marginal excesswith respect to the bad-
ground makes precisestudies di cult until further
spectroscoyy is available. The fraction of members
declinesfrom >60-70%in the certer, to  40% in
the transition region, and lessthan  20% at the
periphery. Consistert with previous investigations,
the fraction of E+S0 galaxies (I < 21:.1) is high-
est (73 10%) in the certral core within 200 kpc
from the certer and declinesrapidly to 50 % at
1 Mpc. It then changesvery mildly over the next
4 Mpc readiing a value (43 13 %) at the periph-
ery indistinguishable from the eld (37 7 %). The
most signi cant changesin the T R relation occur
within a radius of 1 Mpc.

. We also studied the run of morphological mix with

local projected density (the so-called T rela-
tion). At intermediate redshift we extend this rela-
tion by over an order of magnitude in  over previ-
ousdeterminations (Dressleret al. 1997). The frac-
tion of E+S0 galaxiesfalls rapidly over the dens-
est decadeand then attens out at 10 gal
Mpc 2 at 45%, slightly above the eld value.
Outside the certral  0:5Mpcwe nd a large scat-
ter in values of at given radius, with overden-
sity peaksassaiated with identi able clumpsin the
two-dimensional galaxy distribution. Overdensities
at large cluster radii have the same mix of mor-
phological typesasthe similar onesat small cluster
radii. Remarkably, in the region of overlapping den-
sitiesthe T relation of theseinner and outer re-
gionsare identical. In comparisonto local samples,
CL0024 has a smaller fraction of E+S0 galaxiesat
densitiesabove 20gal Mpc 2 (in agreemen with

previous studies), while at densitiesbelow this limit

the fraction of E+SO is unchanged within the un-
certainties.
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Although we are cortinuing to gather spectroscopic
data, we interpret our current results asfollows. The mild
gradients found at large radii in the morphological mix
cannot be explained by medanisms sudc astidal trigger-
ing of star formation and tidal stripping of the dark matter
halos by the main cluster potential, nor by ram pressure
triggering of star formation, or ram pressure stripping,
which are ine ectiv e in these regions. Instead we suggest
that other medchanisms sud as starvation or harassmen
operate over timescalesof seweral Gyrs. Starvation seems
a promising candidate to explain the mild trends in the
morphological mix, sinceit would explain also the mild
gradients in the star formation rate seenby Abraham et
al. (1996b; seealsoBalogh et al. 1999and Balogh, Navarro
& Morris 2000).

A gradual medanism would also explain the homogene-
ity of the early-type galaxy population locatedin the clus-
ter certers (Bower, Lucey & Ellis 1992; Ellis et al. 1997;
Stanford, Eisenhardt & Dickinson 1998;van Dokkum et al.
1998b; Kelson et al. 2000), and the small di erences ob-
senedbetweentheir clusteredand eld populations at var-
iousredshifts (Bernardi et al. 1998; Treu et al. 1999,2001b,
2002;Kochaneket al. 2000;van Dokkum et al. 2001). The
homogeneity might be understood if the quending of star
formation occurred gradually rather than via a seriesof
discreteevents. Secondarybursts of star formation can be
reconciledwith the homogeneiy of the stellar populations
in local and distant E+S0O galaxies (e.g. Bower, Kodama
& Terlevich 1998; Treu et al. 2001b) and with the detec-
tion of post-starburst K+A galaxiesin clusters (Poggiarti
et al. 1999). Howewer, if the massdistribution was also
altered { asduring harassmen { signi cant ne-tuning of
the star formation and structural changeswould be needed
to presene the tight scaling laws. High quality spectro-
scopic data, securedas a function of cluster radius, will
addressthese issuesand help to identify the mecanisms
at work. Such data will also help clarify the origin of the
sharp rise in the E+SO0 fraction in the core.

A more attractiv e (not necessarilyalternativ e) possibil-
ity is that the T-R relation is mostly due to segregation,

following an inbuilt correlation betweengalaxy properties
and their local substructures. This is supported by a con-
vincing T- relation outside the certral region where
and radius show a large scatter. In order for the T- rela-
tion to be sustainedoutside the certral concernration, not
only must such correlations be de ned within ead sub-
clump, but also the galaxiescontained within them must
be moving cohererily. Although a more detailed physical
picture must await further dynamical data in the cluster
outskirts, we presert an emerging picture where the as-
senbly and star formation of individual subclumps falling
into the cluster (seealso Kodama et al. 2001) dominates
the morphological trends outwardsof 0.5 1 Mpc.
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APPENDIX

a simple cluster

model

In this appendix we considera very simple model for a galaxy infalling radially onto the cluster. This model will be
later usedto estimate the relevant spheresof in uence of physical mecanisms operating in Cl0024+16 and the infalling

timescales.

First, we needto compute the virial radius ry which contains the virialized mass(Gunn & Gott 1972). This can be
obtained in terms of the galaxy velocity dispersion at large radii ( 1 ) as

rv = 1.7h 1Mpc

1
1000kms 1
in a at cosmology (Carlberg, Yee, Ellingson 1997; Girardi & Mezzetti 2001), i.e.

@+ 23+ (A1)

2 Mpc adopting ; = 911

km s (Girardi & Mezzetti 2001) with our choice of the cosmological parameters. For Cl0024+16, the velocity dis-
persionis a ected by the presenceof a secondarypeakin the distribution suggestie of an infalling group (Czoslke et al.

2002). At large radii the velocity dispersion of primary peak attens at

limit to

approximately ry  1:7 Mpc.

For simplicity, we assumethe cluster massdensity scalesas

600km s 1, and this can be considereda lower

1, hencery & 1:3 Mpc. For the presen analysis, we will considerthe indicativ e value of the virial radius to be

/ r 2 inside the ry and is zero outside. The absolute

normalization is obtained using the valuesgiven by Soucailet al. 2001 (we considerthe averageof X-ray and strong lensing
normalization, with a factor of two uncertainty). A radially infalling galaxy starting with zero velocity at turnaround
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radius r, hits the cluster at ry with velocity W, as griven by energy consenation
2GMy  2GMy

rv ra
where G is the gravitational constart and My, is the virial mass. For simplicity we take r=ry, = 2 (the uncertainty

is dominated by other factors, such as massuncertainty, using 1.5,3 or 4 would not alter signi cantly the picture; for a
more realistic description of the orbital properties of the in;alling population see,e.qg., Vitvitsk a et al. 2002), obtaining

GMy

v
UsingMy = 8 10"“M andry = 1:7 Mpc, we obtain iy = 1400kms *.

W = (A2)

VV =

: (A3)

radius (Mpc)
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Fig. Al18.] A radially infalling galaxy. Lower panel: velocity of a radially infalling galaxy computed using a static isothermal model for
the mass distribution of cluster CL0024+16. Middle panel: travel time from the virial radius. Upper panel, ram pressure in units of the
ram pressure needed to strip a galaxy like the Milky-W ay of its gas. The various lines are otained for dieren t values of the cluster mass
normalization (Soucail et al. 2000), and of the ratio between turnaround radius and virial radius ri =ry = 1:5;2;3;4.
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The infalling velocity vi(r) and time tj(r) asafunction of radius are then found solving the equation of motion, providing
a rough estimate of the motion of infalling galaxies(seeFig A18. The travel time betweenthe certer and the virial radius
is 1 Gyr, while 2-4 Gyr are neededto travel betweenthe ry and 2 ry (depending on massnormalization and on ry=ry).
Thesetravel times imply averagevelocities of order 2000km s * betweenthe certer and ry and of order 500 1000km s !
betweenry and 2ry . In general,we expect a cortinuous distribution of orbital parametersfor the infalling galaxieswith
only a small fraction of galaxiesto be on highly ecceiric or quasi-radial orbits (for example Ghigna et al. 1998 found
that 20 % of the galaxieswill passin the certral 200kpc, i.e.  ry=10). Hencewe can assumethat the travel times
estimated with radial infalling galaxiesare approximately a lower limit to the travel times of the population.

length scales

The rst important quantity is the stripping radius rg; de ned as that where a radially infalling galaxy with the
properties of the Milky Way would have its gas removed by ram-pressure. We can estimate the stripping radius by
considering the cluster massmodel introduced in A together with the properties of the inter cluster medium. The gas
density pro le inside ry is modeledwith a prole . "

3
2

gas = o 1+ — ; (B1)
le
with = 0:475,r. = 60kpcand o = 3 10“M Mpc 3 (Bohringer et al. 2001). Assuming the X-ray emitting gasis
at rest with respect to the cluster, we can directly compute the ram pressurep = 4,5v? and ched where ram pressure
stripping is e ectiv e using the condition (Gunn & Gott 1972;seealso Abadi, Moore & Bower 1999, Fujita & Nagashima
1999; Fujita 2001; Toniazzo & Sdindler 2001)

Vr ot 2 Mh ! HI
220kms * 10kpc 8 10®mycm 2
where the rotational velocity of the infalling galaxy v,q, its scalelength (r,), and surface density of HI ( y,), are
expressedin units appropriate for the Milky-W ay (Spitzer 1978; Binney & Tremaine 1987). For an infalling Milky-W ay
the stripping radius occursin the rangerg = 0:5 1 Mpc, therefore we will assumerg  0:75Mpc. A similar estimate is
obtaining by consideringthat { givencertral velocity dispersionof the cluster galaxies 1000km's ! (Soucail et al. 2001)
{ galaxiesin the certer of the cluster will have maximal velocity with respect to the X-ray emitting gasof order 2000
km s 1. Using the gasdensity givenin Equation B1 and the condition in Equation B2, we obtain a stripping radius  0:8
Mpc. Note that we are consideringhere the most favorable conditions for ram pressurestripping (i.e. maximal velocity)
sothat rg is practically the maximal radius at which we expect to ram-pressurestripping to be e ective. In summary,
we estimate that for Cl0024+16ry = 0.5 1 Mpc at most.

Alternate medanisms (thermal evaporation, viscousand turbulent stripping) might be more e ectiv e in this respect,
depending on the detailed physicsand the galactic orbits. For simplicity, we will assumethat alternate medanismsoccur
at most with the sameintensity and therefore do not a ect our estimate of the region where stripping is important.

The extended gas resenwoir that may surround eld galaxies (seeBensonet al. 2000), sustains star formation in low
density ervironments and is more loosely bound. Accordingly it can be removed at radii beyond rg;. This eect is
dependen on the detailed physics, the galaxy orientation and the structure of the di use resenoir. We will assumethat
such starvation can be also e ectiv e at leastto the virial radius (e. g. Abadi et al. 1999;Balogh et al. 2000).

Interactions with the ICM can also trigger star formation by increasing pressureon the ISM. Howewer, according to
Fujita (1998) and Fujita & Nagashima (1999), this medcanism seemsto be negligible compared with tidally-induced
pressureor harassmettrinduced pressurethat we describe below.

Tidal interactions with the cluster potential a ect galaxiesin sewral ways. The e ectiv enessof tidal compressionin
triggering star formation depends on the cluster mass distribution, but detailed calculations (Byrd & Valtonen 1990;
Herinksen & Byrd 1996;Fuijta 1998)shaw that for clusters of masscomparableto CI0024+16 the processis only e ectiv e
within the certral 200 kpc at most. Tidal stripping (Merritt 1983, 1984) removes massfrom the outer regions of a
galaxy (typically at radii larger than the luminous componert), thus altering the massand crosssectionsfor galaxy-galaxy
interactions. Modeling the cluster and galaxy halos as isothermal sphereswith velocity dispersions . and |, (Moore et

al. 1996, 1998) we derive the following estimate for the cluster tidal truncation radius ry
1

gasV? > 21 10 2Nm 2 (B2)

c h .

v = To Toookms T (83)

limiting the cluster region where tidal truncation is important for the luminous componert of the galaxiesinside their
optical radius r.

Lessdensegalaxieswill be disrupted rst, but typically only in the innermost regions(100-200kpc; Moore et al. 1998).
Removal of the di use gasreserwir will also be dominated by hydrodynamical e ects and therefore we will neglect this
mechanism in the estimation of regionswhere starvation is important.

Finally, we consider galaxy-galaxy interactions. Harassmen (Moore et al. 1996) arisesfrom an interplay betweenthe
overall cluster potential { which is responsible for tidal truncation of halos and the high speed of galaxies{ and the
local density { which a ects the interaction rate. Schematically, the harassmen rate f; scaleswith the luminous galaxy
density ga and massmgy as

fu/ gal mgm / gal r2; (B4)



A Wide Field HST Study of CL0024+16. | 23

where we assumethat galaxy massesare tidally truncated by the cluster potential. In the simple case where local
density scalessmoothly asr 2 { the harassmem rate should be independert on cluster radius, within the validity limits
of Equation B4 (Moore et al. 1998). In practice, there is spreadin local density at a given radius (see Section 6), and
therefore the rate depends somewhaton both variables. Note the e ects of harassmen on the morphology of a galaxy
depend not only on its mass,but also on its internal structure. For example,typical L spirals in Cl0024+16 could be
transformed either into dwarf spheroidalsor into lenticulars depending on the concerration of the massdistribution and
on the disk scalelength (Moore et al. 1999).

The merger frequency is a strong function of cluster radius, sinceit increaseswith density but decreaseswith velocity
dispersion. Schematically, the rate peaksaround the virial radius of the cluster and declinestowards the certer (seee.g.
Ghigna et al. 1998). In hierarchical clustering, galaxieslocated at any given time at the cluster certer are those that
formed earlier and had the highest probability of having undergone major mergersin their past (Springel et al. 2001;
Diaferio et al. 2001). This distinction emphasizesthe di erence between regions where phenomenahappen from the
regionswhere their e ects are obsened, as discussedin Section5.2.

The regions of the cluster where the above physical processesare most e ectiv e are summarizedin the upper panel of
Figure 10.
scales

temporal and velocity

To interpret the obsened distribution of galaxiesacrossa wide range of cluster radius we alsoneedto considerthe time
scalesinvolved and thus, by implication, the galaxy motions.

First, we estimate the time scalesassaiated with the motions of galaxiesin the cluster potential. As described in
Appendix A, for a galaxy on a radial orbit, approximately®, 1 Gyr is neededto traversefrom the certer to the virial
radius,and 2 4 Gyrsto travel betweenry and 2ry . As galaxiesare not on purely radial orbits (e. g. Ghigna et al. 1998;
van der Marel et al. 2000; Vitvisk a et al. 2002), a signi cant fraction of galaxiesat or beyond the virial radius will never
reach the cluster certer. Hencethgsetravel times can be consideredlower limits. For motions in any given direction, the
relevant velocity scaleis givenby = 2GMy =ry (where My is the virial mass,seeAppendix A), corresponding to velocities
of order 1 Mpc Gyr 1.

Second, a time scale can be assaiated with ead of the physial mechanisms listed in Section 5.1. Starting with
interactions betweengalaxiesand the ICM, ram pressurestripping in the highest density ICM regionshappenson a very
short time scale( 5 107 yr; Abadi et al. 1999), while starvation accordingto our de nition occurs more slowly, lasting
up to seweral Gyrs. Galaxy-cluster gravitational interactions and tidal compressionof gascloudsoccur rapidly (108 yr),
while tidal truncation occurson time scaleslonger than the cluster crossingtime, i.e. a few Gyr . Harassmen transforms
the morphology and star formation properties on timescalesof a few Gyrs (e.g. Moore et al. 1999) while mergerscan take
place on time scalesof a fraction of a Gyr and their morphological remnarts would be undetectable after a few 108 yr
(e. g. Mihos 1995).

Third, we can considerthe timescalesfor witnessing changesin the star formation properties of a system. After a burst
of star formation, massie stars are dominant at most during the initial ~ 10® yr while signaturessuc as strong Balmer
emissionlines suc be detectablefor 1 Gyr after the burst (as k+a/a+k if the burst happenedon top of a older stellar
population; Dressler & Gunn 1983; Poggiarti et al. 1999). The exact value depends not only on the prior and current
star formation details but also on the actual obsenable (e.g. Barger et al. 1996). However, for simplicity in ths paper we
will adopt a typical time of 1 Gyr for alteration in the colors and luminosity of a galaxy after a burst.

Finally, the timescaleassaiated with starvation is linked to that for gasconsumption due to star formation. Larson et
al. (1980) estimate that it takesa few Gyrs for a typical Milky Way Galaxy to run out of gas, and ceasestar formation.
Thereafter, they show that the optical colors changeslowly after the next few Gyrs (seealso Abraham et al. 1996b).
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A Wide Field HST Study of CL0024+16. |

Table C1
Summary of relev ant observed quantities for cluster CL0024+16.

Observ able Value Ref
red(X-ra y) 10°%4 1)
b(X-ra y) 0:475 1)
Lx (X-ray) 3:7 10% ergs ! ®)
Tx (X-ray) 5:7%,9 keV )
center (X-ray) 00:26:36.3 17:09:46 )
center (galaxies) 00:26:34.8 17:10:05 4)
center (BCG) 00:26:35.7 17:09:43 0)
1 911 km s 1! 4
Ruir 1.7 Mpc ©)
Concen tration 0.53 3)
aCore radius of the best-tting -mo del.
Note. | All coordinates are J2000. Data from

(0) this paper ; (1) Bohringer et al. (2000); (2)
Soucail et al. (2000); (3) Dressler et al. 1997; (4)
Girardi & Mezzetti 2001

Table C2
Summary of pointings
POS RA(J2000) DEC(J2000) PA _V3 exptime *  Ngal® Nmorph ¢ Nz
00 00:26:37.4 +17:08:54.7 148.29 19800 508 188 i
01 00:27:01.5 +17:18:49.8 280.00 4400 269 41 2
02 00:26:47.0 +17:19:42.3 280.00 4400 266 51 5
03 00:26:32.6 +17:20:34.6 280.00 4400 262 44 4
04 00:27:12.3 +17:14:30.2 280.00 4400 267 31 3
05 00:26:56.8 +17:15:24.3 61.84 4000 279 55 8
06 00:26:46.4 +17:16:12.3 239.09 4400 280 58 17
07 00:26:27.8 +17:17:09.0 62.04 4000 252 61 16
08 00:26:13.4 +17:18:01.3 62.67 4000 249 53 6
09 00:27:23.2 +17:10:15.5 244.20 4400 256 46 0
10 00:27:08.4 +17:10:59.2 314.99 4400 286 45 3
11 00:26:53.1 +17:11:57.1 62.73 4000 270 54 11
12 00:26:39.8 +17:12:52.4 246.80 4400 275 51 17
13 00:26:24.2 +17:13:41.5 61.36 4000 292 82 17
14 00:26:10.8 +17:14:32.0 280.00 4400 296 49 6
15 00:25:56.4 +17:15:29.5 243.13 4400 395 53 0
16 00:27:18.9 +17:06:46.7 241.11 4400 331 61 0
17 00:27:04.5 +17:07:39.1 240.87 4400 350 60 0
18 00:26:53.2 +17:08:46.9 240.31 4400 290 48 13
19 00:26:21.3 +17:10:08.2 323.79 4400 280 58 15
20 00:26:06.1 +17:11:08.0 73.00 4000 226 36 4
21 00:25:51.6 +17:11:58.8 63.42 4000 299 54 0
22 00:27:14.8 +17:03:14.1 35.68 4400 319 54 3
23 00:26:45.8 +17:05:02.5 63.18 4000 292 49 3
24 00:26:32.5 +17:05:52.9 280.00 4400 288 48 9
25 00:26:16.9 +17:06:46.9 62.32 4000 263 48 10
26 00:26:02.5 +17:07:39.1 62.32 4000 273 42 4
27 00:25:48.2 +17:08:29.0 39.49 4000 285 51 0
28 00:26:56.6 +17:00:42.5 61.29 4000 273 62 5
29 00:26:27.7 +17:02:27.2 61.45 4000 293 40 12
30 00:26:14.4 +17:03:17.7 280.00 4400 309 63 10
31 00:25:58.8 +17:04:11.8 62.96 4000 290 50 4
32 00:26:41.1 +16:58:37.1 241.36 4400 341 76 3
33 00:26:24.7 +16:59:01.8 240.07 4400 270 41 3
34 00:26:10.2 +16:59:54.0 241.06 4400 325 55 8
35 00:26:03.3 +17:18:53.0 62.79 4000 301 69 6
36 00:26:30.8 +17:11:28.9 295.39 4400 357 108 40
37 00:26:43.6 +17:07:44.8 248.60 4400 342 61 12
38 00:26:29.9 +17:08:44.6 62.95 4000 384 111 40

@Total exposure time in seconds

PTol = 25
°Tol = 22:5
Note. | For each pointing we list position, orientation, exposure time, number of objects

detected, number of objects with morphological classication, and number of spectroscopic
redshifts
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Table C3
Summary of entries in the catalog

Entry Description

POS WFPC2 pointing, asidentied in Table 2

chip WFPC2 chip

ID running number within each chip

X x-co ordinate on the chip of the object baricen ter

Y y-co ordinate on the chip of the object baricen ter

RA Right Ascension (J2000) of the object baricen ter

DEC Declination (J2000) of the object baricen ter

IAU F814W mag_-auto (SExtractor)

IAU error on IA U (SExtractor)

IAP1 F814W magnitude within 0°% diameter aperture (SExtractor)

IAP1 error on IAP1 (SExtractor)

IAP2 F814W magnitude within 1% diameter aperture (SExtractor)

1AP2 error on |AP2 (SExtractor)

star class_star (SExtractor)

T morphological type (RSE)

Commen t Comment by RSE

Table C4
First entries of the catalog
POS chip D X Y RA DEC IA U IA U IAP1 IAPL IAP2 IAP2 star T Commen t

0 2 1 137099 57.35 6.65112 17.131149 21344  0.006 24.385  0.016 23528  0.013 0.0 9
0 2 2 1476.62 8.03 6.65148 17.129572 21641  0.005 23.141  0.007 22.007  0.004 0.0 9
0 2 3 1079.62 28.92 6.65243 17.135000 23.953  0.030 24.890  0.023 24240  0.023 0.0 -
0 2 4 114.58 21.22 6.65556 17.148020 23.801  0.025 25039  0.026 24112 0.021 0.0 -
0 2 5 46.78 19.46 6.65580 17.148932 23.012 0012 23924 0012 23282 0.011 0.0 -
0 2 6 144184 16.16 6.65148 17.130072 24393 0.045 26.099  0.062 25119 0.049 0.0 -
0 2 7 205.43 3.96 6.65552 17.146742 24424 0.032 25028  0.025 24597 0.027 0.0 - -
0 2 8 132163 9.76 6.65195 17.131672 22189  0.011 24743 0,021 23208  0.011 0.0 4 edge
Note. | Standard SExtractor (Bertin & Arnouts 1996) parameters are indicated by their standard name, and a full description can be found in SExtractor

user's handb ook.



