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ABSTRACT

We investigate the color-magnitude (CM) relation of galaxiesin the distant X-ray selected cluster
RDCS1252.9-2927at z=1 24 using imagesobtainedwith the AdvancedCamerafor Sureys (ACS) on the
Hubble SpaceTelescopen the F775W and F850LP bandpassesWe selectgalaxiesbasedon morphological
classi cationsextendingabout3.5 magdown the galaxyluminosity function,augmentedby spectroscopicnem-
bershipinformation. At the coreof the clusteris anextensie early-typegalaxypopulationsurroundinga central
pair of galaxiesthatshawv signsof dynamicalinteraction. The early-typepopulationde nes a tight sequencén
the CM diagram,with anintrinsic scatterin obsered (i775- Zgsg) of 0029 0007 magbasedon 52 galaxies,or
0024 0008magfor 30 ellipticals. Simulationsusingthe lateststellar populationmodelsindicatean age
scatterfor the ellipticals of about34%, with ameanage | 2 6 Gyr (correspondindo z. 2 7), andthe last
starformationoccurringatzeng 15 Transformingto rest-frame(U - B), we concludethatthe slopeandscatter
in the CM relationfor morphologicallyselectectarly-typegalaxiesshow little or no evidencefor evolution outto
z 12. Thus,elliptical galaxieswerealreadywell establishedn X-ray luminousclusterswvhenthe universewas
athird of its presentge.

Subjectheadings:galaxies:cclusters:individual (RDCS1252.9-2927)}— galaxies:elliptical andlenticular cD

— galaxies:fundamentaparameters— cosmology:obsenations

1. INTRODUCTION

Present-daglusterellipticalsarearemarkablywell-behared
classof objects,with structuralandchemicalpropertiesobey-
ing simple power-law scalingrelations. But this could not al-
wayshave beenthe casein a hierarchicauniverse While most
galaxy formation modelscan be tunedto reproducethesere-
lations at z=0, a more stringenttestlies in reproducingtheir
evolution with redshift. To this end, it is importantto study
rich clustersout to the highestredshifts,when fractional age
differenceamongthegalaxiesvereproportionatehgreaterin
recentyearsdeepwide- eld opticalsuneysanddeepserendip-
itous X-ray sureys have uncoveredsigni cant numberf rich
galaxy clustersto redshift unity and beyond (seereviews by
Postman2002; Rosati2003). Thesemost distant,and most
massve, of known gravitationally boundstructurecanthenbe
studiedin detail throughtargeted, high-resolution,follow-up
opticalandnearinfraredobsenations.

We have undertalen a surwey of rich galaxyclustersin the
redshiftrange08 z 1 3 usingthe AdvancedCamerafor
Suneys (ACS; Ford et al. 2002) on the Hubble SpaceTele-
scope(HST). The aim of this suney is to establishnew con-
straintson the cluster formation epochand the evolution of
early-typegalaxies.The rst clusterobsened, RDCS1252.9—
2927 (hereafteRDCS1252)at z=1 237 (Rosati2003; Rosati
etal. 2003),wasdiscoveredaspartof theROSAT DeepCluster
Suney (Rosatiet al. 1998) andis amongthe highest-redshift

galaxy clusterswith spectroscopicon rmation. This Letter
presentghe rst resultsfrom our ACS clustersurwey, focusing
on the color-magnitude(CM) relationof the early-typegalax-
iesin RDCS1252. We adoptthe best- t WMAP cosmology:
(h m 1)=(071027073)(Bennettet al. 2003), giving a
scaleof 8.4kpc perarcseatz=1 237.

2. OBSERVATIONS AND IMAGE REDUCTIONS

RDCS1252wasobsenedin the F775Wand F850LPband-
passeghereafteii;zs andzgso, respectrely) with the ACSWide
Field Cameraas part of the guaranteedime obsenation pro-
gram (proposal9290) during 2002 May and 2002 June. The
obsenationsweredonein a2 2 mosaicpattern,with 3 and5
orbitsof integrationin i775 andzgsg, respectiely, at eachof the
four pointings. Therewasnearlyl of overlapbetweerpoint-
ings;thus,thecoreof clusterwasimagedfor atotal of 12 orbits
in iz75 and20 orbitsin zgs.

The datawereprocesseavith the“Apsis” pipelinedescribed
by Blakesleeet al. (2003),with somerecentupdates.In par
ticular, we useda versionof the drizzle software (Fruchter&
Hook 2002) suppliedby R.Hook thatimplementsthe “Lanc-
zos3"interpolationkernel (a dampedsinc function). This ker-
nel producesa sharperpoint spreadunction (PSF)andgreatly
reduceshenoisecorrelationof adjacenpixelsandtheresulting
“moire” patterns Apsisalsonow removesdiscontinuitiesn the
residuabiaslevel attheampli er boundariesproducingamore
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F1G. 1.— Color compositeof the coreregion of RDCS1252, constructedrom our ACS/WFCF775Wand F850LPimages shavn in the obsered orientation.
Thedisplayedeld sizeis roughlyl acrossprlessthan4% of thefull mosaic.
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uniform backgroundAn earlierprocessingf theseémageshas
beenusedby Bouwensetal. (2003)for a studyof thefainti;;s
dropoutpopulationat z 6. We calibrateour photometryto
the AB systemusing photometriczero points of 25.640(i77s)
and24.843(zgsg). Theseareuncertainatthe 0.02maglevel,
which hasno effect on our conclusions. We adopta Galac-
tic reddeningfor this eld of E(i- 2 = 0 041magbasedon the
Schlgyeletal. (1998)dustmaps.

3. OBJECT SELECTION AND PHOTOMETRY

Figurel shawvs the central 1 region of a color composite
madefrom our reduced;75 andzgsgimages.A redgalaxypop-
ulationis clearly visible. The centralpair of galaxiesaresep-
aratedby 1 8 (15kpc) and are eachof magnitudezgsg  21.
We usedSExtractor(Bertin & Arnouts 1996)in “dual-image
mode” with low thresholdand deblendingsettingsto nd ob-
jectsin thereducedmagesandperformtheinitial photometry
SExtractor*MAG_AUTO” valueswere usedfor the total mag-
nitudes.The (i775- Zgsg) color effectively separatesut evolved
galaxiesatz 1, andthe clusteris obvious asa centralcon-
centratiorof galaxieswith 0 80  (i775- zg50) 1 05. Figurelb
[removedfromthe ApJL versionin orderto meetthe pageimit]
shavs histogramsof isophotalcolor within 3 different radii
of the clustercenter(de ned midway betweenthe two central
galaxies¥or galaxieswith total zgsp = 20—25mag.

We selectedan initial sample of 312 nonstellar objects
with zg5o 248, in the broad isophotal color range 0 5
(i775- zs50) 12, andinside a radiusof 1 92. Our goal is
to study the early-typegalaxy populationin RDCS1252, for
whichwe havelimited spectroscopidata,andthesecutsarede-
signedto selecthevastmajority of ourtargetsamplewhile rea-
sonablylimiting foreground/backgound contamination. The
colorselections roughly 7 timesbroadeithanthefull-width of
theredsequencave nd below. Theradial cutoff corresponds
to aboutl.0 Mpc for both our adoptedVMAP cosmologyand
an Einstein-deSittecosmologywith h=0 5.
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“FIG. 1b"— Histogramsf (i775- Zg50) color for objectshaving 20  zgsg
25 andwithin thespeci edradii of thecenterof RDCS1252. Theclustergalax-
iesarenear(iz7s- zgsg) = 0 95,andmake up anincreasingractionof theobjects
within progressiely smallerradii. [This gure wasremovedfrom thepublished
versionbecaus®f spacdimitations.]

Our nal colorsaremeasuredvithin galaxyeffectiveradii Re
to avoid biasingthe CM slopedueto colorgradients We follow
thebasicapproachoutlinedby vanDokkumetal. (1998,2000).
We derive the R, valuesusingthe program‘gal t” (Pengetal.
2002)by tting eachgalaxyto a Sersicmodel(cornvolvedwith
the PSF),but constraininghen parametesuchthatl n 4.
Bright neighboringgalaxieswere tted simultaneously We
note that subtractionof the modelfor the two centralgalax-
iesrevealsevidencefor interactionin theform of an S-shaped
residual.

Next, we decomwolve i;75 and zg5p postagestampimagesof
eachgalaxyusingthe CLEAN algorithm(H8gborn1974)in or-
derto remove thedifferentialblurring effectsof the PSFE which
is 10%broadelin thezgso band.To reducenoise the CLEAN
mapsaresmoothedvith a Gaussiarof FWHM =1 5 pix before
addingthe residualimagesto the mapsto ensureux consef
vation. We thenmeasurdhe iz75 and zgso magnitudef each
galaxywithin acircularapertureof radiusRe, typically about6
pix, or 0 3. We did not allow theradiusto drop belowv 3 pix.
Photometrierrorsweredetermine@mpiricallyfrom thepoint-
ing overlapregions. We reprocessethe 4 pointingsseparately
and measuredhe color differenceawithin R, for 202 pairs of
measurementfor 74 differentearly-typegalaxies(classi ca-
tionsdescribedelaw) in the overlapregions.We thenmedian-

Itered to obtainthe errorsasa smoothfunctionof magnitude.
The errorthusdeterminedor single-pointing(i77s- Zgsg) Mmea-
surementat zgso = 23 was0.025mag, risingto  0.05magat
Zg50=245.

Eachgalaxyin our initial samplewas examinedand mor-
phologicallyclassi ed,following a proceduresimilar to that of
Fabricantetal. (2000). Thiswasdoneindependentlyf thepro-

le tting, butthetypesshav agoodcorrelationwith Sersicn
index. Here,we simply distinguishbetweenE, SO, and later
types,wherethe intermediateSO0 classindicatesthe apparent
presencenf a disk without spiral or other structure. Full de-
tails on the classi cationsfor a muchlargersample,including
the spatialdistribution of the varioustypes,will be presented
by Postmaret al. (2003, in preparation).About 180 galaxies
in this eld have measurededshifts,obtainedwith VLT/FORS
(Rosatietal. 2003,in preparation)ywith 31 beingclustermem-
bers.All galaxiesin ourinitial sampleclassi ed asearly-type,
andnotknown to beinterlopersrom their spectraareincluded
in our CM analysisin the following section.Of the 31 known
members22 areclassi ed asearly-type,andwe includeall of
thesein our analysiseventhoughone (an S0) happenedo lie
beyondour 1 Mpc cutoff.

4, THE COLOR-MAGNITUDE RELATION AT z=1 24

We tted the early-typegalaxy CM relationsusing simple
linear leastsquares;other methodsgave very similar results.
We estimatethe scatterfrom both the standardms andthe bi-
weight scaleestimator(Beerset al. 1990). No rejectionwas
donein tting subsamplesomposedf known membersthe
faintestof which haszgso = 2348, 0or 05Lgz. We alsoper
formed ts to samplesvith uncon rmedmembersallowing us
to go 1 magfurtherdown thegalaxyluminosityfunction. How-
ever, hereweiterateto rejectthe3- outliers,asthesearelikely
to beinterlopers:noneof the 22 con rmed early-typemembers
is morethan2.3- discordantAfter theiterative rejectionpro-
cesswe nd concordanscattergor thosesamplesandtherms
andbiweightestimatorarethe sameto within - 0.001mag.
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Figure?2 presentshe CM relationfor theRDCS1252galax-
ies. The t to the full sampleof early-type galaxieswith
Zgso 24 5gives

(i-2) = (0958 0006)- (0025 0006)(zgs0- 23) (@)
Otherresultsarelisted in Table1l. The meanlocationsof the
CM relationsfor theelliptical andSOsubsampleagreeto well
within the errors,while the slopesare consistentat the 1.5-
level. Eightknown late-typememberdgrom Rosatietal. (2003,
in preparationfor which we have photometryare bluer than
the early-typegalaxieshy 0.25mag,with a scatterof 0.14mag
aboutthis offset, indicatingyoungstellarpopulations. We nd
an intrinsic scatter i,y = 0023 0007 mag for the 15 con-

rmed elliptical members.For a limit of zg5g 245, we de-

rive int = 0026 magfor the clipped sampleof 31 ellipticals

and iy = 0029 for the 52 E+S0galaxies. At this limit, the

obsenationalerrorshecomedominantandclassi cationis dif-
cult, whichcouldbiasour i, estimatesForzgsg 240, still

3mag down the luminosity function to about0.3L , we nd
int = 0 024for 25 ellipticals (with no outliers).
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FiG. 2.— Colormagnitudediagramfor early-typegalaxiesinsidel 9 with
(i775- z850) 05, excluding spectroscopicallknown interlopers.Circlesand
squaregepresentllipticals and SOs,respectiely; solid symbolsare usedin
the CM relation ts, while opensymbols(all of which lack spectroscopiin-
formation) arerejectedas outliers or as below the faint cutof (indicatedby
the dottedline). Two representate ts areshawn: the t to the 15 ellipti-
cal membergsolid line) andto the 52 early-typered-sequencgalaxies.The
approximatduminosity corversionfor RDCS1252is shavn attop, assuming
the WMAP cosmologyand- 1 4 magof luminosity evolution asdescribedn
thetext, suchthatMg = - 217 (AB). Therelationfor the Comacluster trans-
formedto thesebandpasseat z= 1 24 (no evolution correction),is indicated
by thedot-dashedine.

We estimateMg - 217 AB for RDCS1252,basedon lo-
calsuneys (Norbeig etal. 2002), WMAP cosmologyand- 1.4
mag luminosity evolution (Postmaret al. 2001; van Dokkum
& Stanford2003). The correctionfrom zgsg to rest-frameB is
+0.3 magfor an early-typespectrum.Thusthe brightestclus-
ter memberat zg50 = 21 0 correspondso 4 8Lg. The clus-
terred-sequence about0.1magbluerthanpredictedfor non-
evolving elliptical templategColemanet al. 1980; Schneider
etal. 1983).For comparisona Bruzual& Charlot(2003;here-
after BC03) solarmetallicity modelreddensby 0.11 magand
fadeshy 1.5magin agingfrom 3to 11.5Gyr. Thepresent-
dayrelationfor the Comacluster(transformedaccordingo the
relationsgivenbelow) is alsoshavn in Figure?2.

The tight CM relation allows us to constrainthe scatterin
early-typegalaxyagessubjecto modeluncertaintiesTheevo-
lution in (i775- zgs0) atthisredshiftis complicatecatyoungages

becausezgs, straddlesthe 4000A breakand hasits blue end
nearthe Balmerjump at 3700A. The Balmerjump reachesa
maximumat 0.5-1Gyr, whentherelative contribution from A

starsis greatestresultingin aredcolorattheseagesit is inter-

estingthatseveralof theSOslie abovethe CM relation,possibly
indicatingages 1 Gyr. AstheA starcontributionlessensthe
color quickly evolvestowardsthe blue, reachinga local mini-

mumnear 1.5Gyr, beforecommencingaroughlymonotonic
reddeningwith age.

We have simulatedthe (i775- Zgs0) colorsof galaxiesformed
undertwo simple starformationmodels,similar to thoseused
by van Dokkum et al. (1998). In Model 1, the galaxiesform
in singleburstsrandomlydistributedover the interval (to teng),
wherety is setto therecombinatiorepochandteng t; 51
Gyr, the ageof the universeat z=1 24. In Model 2, galaxies
form starsat constantratesbetweenrandomly selectedtimes
(ty t2), wherety  t; t» teng Wevaryteng andat eachstep
calculatecolorsandluminositiesfor 10,000'galaxies”by inter-
polationandintegrationof the BC0O3 solarmetallicity models.
Assuming i = 0 024 magfor the ellipticals, Model 1 imples
aminimum aget,- teng= 1 6 Gyr, i.e., all galaxies nish form-
ing at redshiftsz  zong= 1 9; the meanluminosity-weighted
ageis | =3 3 Gyr (correspondingo z = 3 6) with a scatterof
30%. Model 2 givest,- teng= 0 53 Gyr, Zeng=14,and | =26
Gyr (correspondingo z =2 7) with 38% scatter Thus, al-
thoughsomegalaxiesin Model 2 have formed starsrecently
the meanagesare still high. Both modelsgive a meancolor

i775 Zsso = 0 94, similar to thatobsened.

For the SOs,we nd Zeng=15 for Model 1 andzeng=1 3,
indicating recentstar formation, and age scattersof 44—47%.
Finally, we notethatthe 1996versionof the BC modelswould
have predictedhigher formation epochs,e.g.,Zeng 25 and
Zena 2 Ofor theellipticalsin Models1 and2, respectrely, and
anagescatterof only 20%,althoughthe predictedcoloris then
redderby 0.1 mag.Overall, we concludethattheellipticalsare
an evolved population,with ameanage | 2 6, aminimum
age 1 O05Gyr, andanagescatterof (34 15)%,wherethe
errorre ectsuncertaintyin j,; andscatterin themodels.

5. DISCUSSION

To enablecomparisornwith previous work, we corvert ob-
sened (i775- Zgs0) quantitiesto rest-frame(U- B), at z=1 24.
The models(BC03; Kodamaet al. 1998) and empirical tem-
platesindicate (U-B),=(18 04) (i775- Zgs0), Wherethe
error barre ects the scatterin the modelsat the relevantages
andaddsabout20% uncertaintyto our transformedslopeand
scatter Figure 3 usesthis corversion,and othertransforma-
tions from van Dokkum et al. (2000),to compareour results
to someprevious studiesof the CM relationin intermediate-
redshiftclusterswith HST, aswell astheresultsof vanDokkum
etal. 2001on RX J0848+4453the only clusterof comparable
redshiftto have its CM relationmeasured.

Linear ts to the datashown in Figure 3 yield slopesof
-0014 0010and0 003 0 008for theevolutionin theabso-
lute slopeandthe scatterrespectiely. Thus,the scatteris con-
stant,andthereis atbestmamginal evidencefor slopeevolution,
whichindicateshattheslopeis dueto avariationin metallicity,
not age. Previous studiesof clustersamplesouttoz 1 have
cometo similarconclusionge.g.,Stanfordetal. 1998;Kodama
etal. 1998;vanDokkumetal. 2000).VanDokkumetal. (2001)
concludedthat the slopeat z= 1 27 wasshallaver thanin the
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Comacluster However, asshovn in the gure, our slopemea-
surementis consistentwithin the errorswith both Comaand
RX J0848+4453.Furtherstudiesof a diversity of clustersat
similar redshiftsareneededo explorethisissue.

The lack of evolution in the CM relation scattercanbe ex-
plainedby progenitorbias(e.g.,van Dokkum & Franx2001):
galaxiesselectedasearly-typeat any epochwill have old stel-
lar populationswhile thelatertypeprogenitorof theyoungest
ellipticalstodaywill not be selected.Theresultis anunderes-
timatein the color scatterfor the progenitorsof modernellipti-
cals,andthusoverestimate@ges.An upperlimit onthescatter
for elliptical progenitoramaybeestimatedroma t to all con-

rmed RDCS1252memberstheresultis 3—4timeslargerthan
for theearly-typegalaxies.A detailedstudyof the morpholog-
ical fractionsin RDCS1252 (Postmaret al. 2003,in prepara-
tion) shouldhelpilluminatethemagnitudeof this bias.We also
notethatthe two centralellipticals themseles,basedon their

proximity andirregularisophotesappeatik ely to undegodis-

sipationlesamemerto form a single 9Lz galaxy similar to

local cD galaxies.

We concludethatmassie, evolved early-typegalaxieswere
alreadypresentn rich clustersatz=1 24. Our simplemodels
imply meanluminosity-weightedagesof 2.6—-3.3Gyr, corre-
spondingto formationat z= 2 7-3.6. However, the (i775- Zgs0)
color is notideal for the redshiftof RDCS1252, being better
suitedto measuringthe 4000A breakatz 1 1. Combining
our ACS datawith deep,high-resolutionnearIR imaging of
this eld (Lidmanetal. 2003)will enableamorerobustassess-
mentof early-typegalaxyages.In addition,further studiesof
the CM relationsand morphologiesf galaxiesin otherz 1
clustersareneededo improve the constraintson the formation
epochof clustergalaxiesand on the evolution of their stellar
populationsandstructuralproperties.

ACS was developedunder NASA contractNAS 5-32864,
andthis researcthasbeensupportedby NASA grantNAG5-
7697.TheSTSclis operatedy AURA Inc.,underNASA con-
tract NAS5-26555. We thankour fellow ACS Teammembers
for their help, TaddyKodamafor helpful discussionsndmod-
els,andStephane&harlotfor the BCO3models.
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TABLE 1

Sample 2z N Ne Slope bwt” bt int
ES..... 15 15 -0022 0011 0.029 0029 0005 0023 0007
E+SC.. . 22 22 -0018 0013 0.038 0038 0006 0033 0007
EL.... 240 2525 -0020 0009 0.033 0033 0005 0024 0008
E+SC. 24.0 44 41 -0025 0008 0.045 0038 0004 0029 0007
E%.... 245 34 31 -0019 0007 0.053 0036 0005 0026 0008
E+SCl. 245 58 52 -0025 0006 0.054 0039 0004 0029 0007
S¢.... 245 24 21 -0042 0013 0.058 0039 0006 0032 0008

2Biweight scattebasedon raw numberof galaxies\;.

PBjweight scattetbasedn N, galaxiesafter3- clipping.

°Spectroscopicallgon rmed memberf speci edtypeonly.

YAl red-sequencebijects(known interlopersomitted) of speci ed type, zsso ﬂs'g) and

within the areaof analysis.



