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ABSTRACT
We investigate the color-magnitude (CM) relation of galaxies in the distant X-ray selected cluster

RDCS1252.9–2927at z=1 � 24 using imagesobtainedwith the AdvancedCamerafor Surveys (ACS) on the
Hubble SpaceTelescopein the F775W and F850LPbandpasses.We selectgalaxiesbasedon morphological
classi�cationsextendingabout3.5magdown thegalaxyluminosityfunction,augmentedby spectroscopicmem-
bershipinformation.At thecoreof theclusteris anextensiveearly-typegalaxypopulationsurroundinga central
pair of galaxiesthat show signsof dynamicalinteraction.Theearly-typepopulationde�nes a tight sequencein
theCM diagram,with an intrinsic scatterin observed(i775- z850) of 0 � 029

�

0 � 007magbasedon 52 galaxies,or
0 � 024

�

0 � 008 mag for � 30 ellipticals. Simulationsusing the lateststellarpopulationmodelsindicatean age
scatterfor theellipticals of about34%,with a meanage � L

�

�

2 � 6 Gyr (correspondingto zL
�

�

2 � 7), andthe last
starformationoccurringat zend

�

�

1 � 5 � Transformingto rest-frame(U- B), we concludethat theslopeandscatter
in theCM relationfor morphologicallyselectedearly-typegalaxiesshow little or noevidencefor evolutionout to
z � 1 � 2. Thus,elliptical galaxieswerealreadywell establishedin X-ray luminousclusterswhentheuniversewas
a third of its presentage.
Subjectheadings:galaxies:clusters:individual (RDCS1252.9–2927)— galaxies:elliptical andlenticular, cD

— galaxies:fundamentalparameters— cosmology:observations

1. INTRODUCTION

Present-dayclusterellipticalsarearemarkablywell-behaved
classof objects,with structuralandchemicalpropertiesobey-
ing simplepower-law scalingrelations. But this could not al-
wayshavebeenthecasein a hierarchicaluniverse.While most
galaxy formationmodelscanbe tunedto reproducethesere-
lations at z=0, a more stringenttest lies in reproducingtheir
evolution with redshift. To this end, it is importantto study
rich clustersout to the highestredshifts,when fractional age
differencesamongthegalaxieswereproportionatelygreater. In
recentyears,deepwide-�eld opticalsurveysanddeepserendip-
itousX-ray surveyshaveuncoveredsigni�cant numbersof rich
galaxy clustersto redshift unity and beyond (seereviews by
Postman2002; Rosati2003). Thesemost distant,and most
massive,of known gravitationallyboundstructurescanthenbe
studiedin detail throughtargeted,high-resolution,follow-up
opticalandnear-infraredobservations.

We have undertaken a survey of rich galaxyclustersin the
redshift range0 � 8 � z � 1 � 3 using the AdvancedCamerafor
Surveys (ACS; Ford et al. 2002) on the Hubble SpaceTele-
scope(HST). The aim of this survey is to establishnew con-
straintson the cluster formation epochand the evolution of
early-typegalaxies.The �rst clusterobserved,RDCS1252.9–
2927(hereafterRDCS1252)at z=1 � 237 (Rosati2003;Rosati
etal. 2003),wasdiscoveredaspartof theROSAT DeepCluster
Survey (Rosatiet al. 1998)andis amongthe highest-redshift

galaxy clusterswith spectroscopiccon�rmation. This Letter
presentsthe�rst resultsfrom our ACSclustersurvey, focusing
on thecolor-magnitude(CM) relationof theearly-typegalax-
ies in RDCS1252. We adoptthe best-�t WMAP cosmology:
(h �	� m �
� L) = (0 � 71� 0 � 27� 0 � 73) (Bennettet al. 2003),giving a
scaleof 8.4kpc perarcsecat z=1 � 237.

2. OBSERVATIONS AND IMAGE REDUCTIONS

RDCS1252wasobservedin theF775WandF850LPband-
passes(hereafteri775 andz850, respectively) with theACSWide
Field Cameraaspart of the guaranteedtime observation pro-
gram(proposal9290)during 2002May and2002June. The
observationsweredonein a 2 � 2 mosaicpattern,with 3 and5
orbitsof integrationin i775 andz850, respectively, at eachof the
four pointings. Therewasnearly1� of overlapbetweenpoint-
ings;thus,thecoreof clusterwasimagedfor atotalof 12orbits
in i775 and20orbitsin z850.

Thedatawereprocessedwith the“Apsis” pipelinedescribed
by Blakesleeet al. (2003),with somerecentupdates.In par-
ticular, we useda versionof the drizzle software(Fruchter&
Hook 2002)suppliedby R.Hook that implementsthe “Lanc-
zos3” interpolationkernel(a dampedsinc function). This ker-
nel producesa sharperpoint spreadfunction(PSF)andgreatly
reducesthenoisecorrelationof adjacentpixelsandtheresulting
“moire” patterns.Apsisalsonow removesdiscontinuitiesin the
residualbiaslevelattheampli�er boundaries,producingamore
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FIG. 1.— Color compositeof thecoreregion of RDCS1252,constructedfrom our ACS/WFCF775WandF850LPimages,shown in theobservedorientation.
Thedisplayed�eld sizeis roughly1
 across,or lessthan4%of thefull mosaic.



Color-MagnitudeRelationatz= 1 � 24 3

uniformbackground.An earlierprocessingof theseimageshas
beenusedby Bouwenset al. (2003)for a studyof thefaint i775
dropoutpopulationat z � 6. We calibrateour photometryto
the AB systemusingphotometriczeropointsof 25.640(i775)
and24.843(z850). Theseareuncertainat the � 0.02maglevel,
which hasno effect on our conclusions. We adopta Galac-
tic reddeningfor this �eld of E(i- z) = 0 � 041magbasedon the
Schlegelet al. (1998)dustmaps.

3. OBJECT SELECTION AND PHOTOMETRY

Figure1 shows the central � 1� region of a color composite
madefrom our reducedi775 andz850 images.A redgalaxypop-
ulation is clearlyvisible. The centralpair of galaxiesaresep-
aratedby 1 �

� � 8 (15kpc) andare eachof magnitudez850 � 21.
We usedSExtractor(Bertin & Arnouts 1996) in “dual-image
mode” with low thresholdanddeblendingsettingsto �nd ob-
jectsin thereducedimagesandperformtheinitial photometry.
SExtractor“ MAG_AUTO” valueswereusedfor the total mag-
nitudes.The(i775- z850) color effectively separatesout evolved
galaxiesat z

�

�

1, andthe clusteris obvious asa centralcon-
centrationof galaxieswith 0 � 80 � (i775- z850) � 1 � 05. Figure1b
[removedfromtheApJLversionin orderto meetthepagelimit]
shows histogramsof isophotalcolor within 3 different radii
of theclustercenter(de�ned midway betweenthe two central
galaxies)for galaxieswith total z850 = 20–25mag.

We selectedan initial sample of 312 nonstellar objects
with z850 � 24� 8, in the broad isophotalcolor range0 � 5 �

(i775- z850) � 1 � 2, and inside a radius of 1 �

� 92. Our goal is
to study the early-typegalaxy populationin RDCS1252, for
whichwehavelimitedspectroscopicdata,andthesecutsarede-
signedto selectthevastmajorityof ourtargetsamplewhile rea-
sonablylimiting foreground/background contamination. The
colorselectionis roughly7 timesbroaderthanthefull-width of
theredsequencewe �nd below. Theradialcutoff corresponds
to about1.0Mpc for bothour adoptedWMAP cosmologyand
anEinstein-deSittercosmologywith h=0 � 5.

“FIG. 1b.”— Histogramsof (i775- z850) color for objectshaving 20 � z850 �

25andwithin thespeci�edradii of thecenterof RDCS1252.Theclustergalax-
iesarenear(i775- z850) = 0 � 95,andmakeupanincreasingfractionof theobjects
within progressively smallerradii. [This �gure wasremovedfromthepublished
versionbecauseof spacelimitations.]

Our�nal colorsaremeasuredwithin galaxyeffectiveradii Re
to avoid biasingtheCM slopedueto colorgradients.Wefollow
thebasicapproachoutlinedby vanDokkumetal. (1998,2000).
We derive theRe valuesusingtheprogram“gal�t” (Penget al.
2002)by �tting eachgalaxyto a Sersicmodel(convolvedwith
thePSF),but constrainingthen parametersuchthat1 � n � 4.
Bright neighboringgalaxieswere �tted simultaneously. We
note that subtractionof the model for the two centralgalax-
iesrevealsevidencefor interactionin theform of anS-shaped
residual.

Next, we deconvolve i775 andz850 postagestampimagesof
eachgalaxyusingtheCLEAN algorithm(Högborn1974)in or-
derto removethedifferentialblurringeffectsof thePSF, which
is � 10%broaderin thez850 band.To reducenoise,theCLEAN
mapsaresmoothedwith a Gaussianof FWHM=1 � 5 pix before
addingthe residualimagesto the mapsto ensure�ux conser-
vation. We thenmeasurethe i775 andz850 magnitudesof each
galaxywithin acircularapertureof radiusRe, typically about6
pix, or 0 �

� � 3. We did not allow the radiusto drop below 3 pix.
Photometricerrorsweredeterminedempiricallyfrom thepoint-
ing overlapregions.We reprocessedthe4 pointingsseparately
andmeasuredthe color differenceswithin Re for 202 pairsof
measurementsfor 74 differentearly-typegalaxies(classi�ca-
tionsdescribedbelow) in theoverlapregions.We thenmedian-
�ltered to obtaintheerrorsasa smoothfunctionof magnitude.
The error thusdeterminedfor single-pointing(i775- z850) mea-
surementsat z850 = 23 was0.025mag,rising to � 0.05magat
z850 = 24� 5.

Eachgalaxy in our initial samplewas examinedand mor-
phologicallyclassi�ed,following a proceduresimilar to thatof
Fabricantetal. (2000).Thiswasdoneindependentlyof thepro-
�le �tting, but thetypesshow a goodcorrelationwith Sersicn
index. Here,we simply distinguishbetweenE, S0, and later
types,wherethe intermediateS0 classindicatesthe apparent
presenceof a disk without spiral or other structure. Full de-
tails on theclassi�cationsfor a muchlargersample,including
the spatialdistribution of the varioustypes,will be presented
by Postmanet al. (2003, in preparation).About 180 galaxies
in this �eld havemeasuredredshifts,obtainedwith VLT/FORS
(Rosatietal. 2003,in preparation),with 31beingclustermem-
bers.All galaxiesin our initial sampleclassi�edasearly-type,
andnotknown to beinterlopersfrom theirspectra,areincluded
in our CM analysisin the following section.Of the31 known
members,22 areclassi�edasearly-type,andwe includeall of
thesein our analysiseven thoughone(an S0) happenedto lie
beyondour1 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 estimatethescatterfrom boththestandardrmsandthebi-
weight scaleestimator(Beerset al. 1990). No rejectionwas
donein �tting subsamplescomposedof known members,the
faintestof which hasz850 = 23� 48, or � 0 � 5L �B. We also per-
formed�ts to sampleswith uncon�rmedmembers,allowing us
to go1magfurtherdown thegalaxyluminosityfunction.How-
ever, hereweiterateto rejectthe3-� outliers,asthesearelikely
to beinterlopers:noneof the22con�rmedearly-typemembers
is morethan2.3-� discordant.After theiterative rejectionpro-
cess,we�nd concordantscattersfor thosesamples,andtherms
andbiweightestimatorarethesameto within

�

0.001mag.
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Figure2 presentstheCM relationfor theRDCS1252galax-
ies. The �t to the full sampleof early-typegalaxieswith
z850 � 24� 5 gives

(i- z) = (0 � 958
�

0 � 006)- (0 � 025
�

0 � 006)(z850- 23) � (1)
Otherresultsare listed in Table1. The meanlocationsof the
CM relationsfor theelliptical andS0subsamplesagreeto well
within the errors,while the slopesareconsistentat the 1.5-�

level. Eightknown late-typemembersfrom Rosatietal. (2003,
in preparation)for which we have photometryarebluer than
theearly-typegalaxiesby 0.25mag,with a scatterof 0.14mag
aboutthis offset,indicatingyoungstellarpopulations.We �nd
an intrinsic scatter � int = 0 � 023

�

0 � 007 mag for the 15 con-
�rmed elliptical members.For a limit of z850 � 24� 5, we de-
rive � int = 0 � 026 mag for the clipped sampleof 31 ellipticals
and � int = 0 � 029 for the 52 E+S0galaxies. At this limit, the
observationalerrorsbecomedominantandclassi�cationis dif-
�cult, whichcouldbiasour � int estimates.For z850 � 24� 0, still
3magdown the luminosity function to about0.3L � , we �nd

� int = 0 � 024for 25ellipticals(with nooutliers).

FIG. 2.— Color-magnitudediagramfor early-typegalaxiesinside1 �

 9 with

(i775- z850) � 0 � 5, excludingspectroscopicallyknown interlopers.Circlesand
squaresrepresentellipticals andS0s,respectively; solid symbolsareusedin
theCM relation�ts, while opensymbols(all of which lack spectroscopicin-
formation)arerejectedasoutliersor asbelow the faint cutoff (indicatedby
the dottedline). Two representative �ts areshown: the �t to the 15 ellipti-
cal members(solid line) andto the52 early-typered-sequencegalaxies.The
approximateluminosityconversionfor RDCS1252is shown at top,assuming
theWMAP cosmologyand- 1� 4magof luminosityevolution asdescribedin
thetext, suchthatM �B = - 21� 7 (AB). Therelationfor theComacluster, trans-
formedto thesebandpassesat z = 1 � 24 (no evolution correction),is indicated
by thedot-dashedline.

We estimateM �B � - 21� 7 AB for RDCS1252,basedon lo-
cal surveys(Norberg etal. 2002),WMAP cosmology, and- 1.4
mag luminosity evolution (Postmanet al. 2001; van Dokkum
& Stanford2003). Thecorrectionfrom z850 to rest-frameB is
+0.3 magfor an early-typespectrum.Thusthebrightestclus-
ter memberat z850 = 21� 0 correspondsto � 4 � 8L �B. The clus-
ter red-sequenceis about0.1magbluerthanpredictedfor non-
evolving elliptical templates(Colemanet al. 1980; Schneider
et al. 1983).For comparison,a Bruzual& Charlot(2003;here-
after BC03) solarmetallicity modelreddensby 0.11magand
fadesby 1.5magin agingfrom � 3 to � 11.5Gyr. Thepresent-
dayrelationfor theComacluster(transformedaccordingto the
relationsgivenbelow) is alsoshown in Figure2.

The tight CM relationallows us to constrainthe scatterin
early-typegalaxyages,subjectto modeluncertainties.Theevo-
lution in (i775- z850) at thisredshiftis complicatedatyoungages

becausez850 straddlesthe 4000Å breakand hasits blue end
nearthe Balmer jump at 3700Å. The Balmer jump reachesa
maximumat 0.5–1Gyr, whentherelative contribution from A
starsis greatest,resultingin aredcolorat theseages.It is inter-
estingthatseveralof theS0slie abovetheCM relation,possibly
indicatingages� 1 Gyr. As theA starcontributionlessens,the
color quickly evolvestowardstheblue, reachinga local mini-
mumnear � 1.5Gyr, beforecommencingaroughlymonotonic
reddeningwith age.

We have simulatedthe (i775- z850) colorsof galaxiesformed
undertwo simplestarformationmodels,similar to thoseused
by van Dokkum et al. (1998). In Model 1, the galaxiesform
in singleburstsrandomlydistributedover the interval (t0 � tend),
wheret0 is setto the recombinationepochandtend � tz �

5 � 1
Gyr, the ageof the universeat z = 1 � 24. In Model 2, galaxies
form starsat constantratesbetweenrandomlyselectedtimes
(t1 � t2), wheret0 � t1 � t2 � tend. We vary tend andat eachstep
calculatecolorsandluminositiesfor 10,000“galaxies”by inter-
polationandintegrationof theBC03solarmetallicity models.
Assuming� int = 0 � 024magfor theellipticals,Model 1 imples
a minimumagetz- tend = 1 � 6 Gyr, i.e., all galaxies�nish form-
ing at redshiftsz � zend = 1 � 9; the meanluminosity-weighted
ageis � L = 3 � 3 Gyr (correspondingto zL = 3 � 6) with ascatterof
30%. Model 2 givestz- tend = 0 � 53 Gyr, zend = 1 � 4, and � L = 2 � 6
Gyr (correspondingto zL = 2 � 7) with 38% scatter. Thus, al-
thoughsomegalaxiesin Model 2 have formedstarsrecently,
the meanagesarestill high. Both modelsgive a meancolor

�

i775- z850�

= 0 � 94,similar to thatobserved.
For the S0s,we �nd zend = 1 � 5 for Model 1 andzend = 1 � 3,

indicatingrecentstar formation,andagescattersof 44–47%.
Finally, we notethatthe1996versionof theBC modelswould
have predictedhigher formation epochs,e.g., zend

� 2 � 5 and
zend

� 2 � 0 for theellipticalsin Models1 and2, respectively, and
anagescatterof only 20%,althoughthepredictedcolor is then
redderby 0.1mag.Overall,weconcludethattheellipticalsare
an evolvedpopulation,with a meanage � L

�

�

2 � 6, a minimum
age � 1

�

0 � 5 Gyr, andanagescatterof (34
�

15)%,wherethe
errorre�ects uncertaintyin � int andscatterin themodels.

5. DISCUSSION

To enablecomparisonwith previous work, we convert ob-
served (i775- z850) quantitiesto rest-frame(U- B)z at z = 1 � 24.
The models(BC03; Kodamaet al. 1998)andempirical tem-
platesindicate� (U- B)z = (1 � 8

�

0 � 4) ��� (i775- z850), wherethe
error bar re�ects the scatterin the modelsat the relevantages
andaddsabout20% uncertaintyto our transformedslopeand
scatter. Figure 3 usesthis conversion,and other transforma-
tions from van Dokkum et al. (2000), to compareour results
to someprevious studiesof the CM relation in intermediate-
redshiftclusterswith HST, aswell astheresultsof vanDokkum
et al. 2001on RX J0848+4453,theonly clusterof comparable
redshiftto have its CM relationmeasured.

Linear �ts to the data shown in Figure 3 yield slopesof
- 0 � 014

�

0 � 010and0 � 003
�

0 � 008for theevolutionin theabso-
luteslopeandthescatter, respectively. Thus,thescatteris con-
stant,andthereis atbestmarginalevidencefor slopeevolution,
whichindicatesthattheslopeis dueto avariationin metallicity,
not age. Previousstudiesof clustersamplesout to z � 1 have
cometo similarconclusions(e.g.,Stanfordetal.1998;Kodama
etal.1998;vanDokkumetal.2000).VanDokkumetal. (2001)
concludedthat theslopeat z = 1 � 27 wasshallower thanin the
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Comacluster. However, asshown in the�gure, our slopemea-
surementis consistentwithin the errorswith both Comaand
RX J0848+4453.Furtherstudiesof a diversity of clustersat
similar redshiftsareneededto explorethis issue.

The lack of evolution in the CM relationscattercanbe ex-
plainedby progenitorbias(e.g.,vanDokkum & Franx2001):
galaxiesselectedasearly-typeat any epochwill have old stel-
lar populations,while thelater-typeprogenitorsof theyoungest
ellipticals todaywill not beselected.Theresultis anunderes-
timatein thecolorscatterfor theprogenitorsof modernellipti-
cals,andthusoverestimatedages.An upperlimit onthescatter
for elliptical progenitorsmaybeestimatedfrom a �t to all con-
�rmed RDCS1252members;theresultis 3–4timeslargerthan
for theearly-typegalaxies.A detailedstudyof themorpholog-
ical fractionsin RDCS1252(Postmanet al. 2003,in prepara-
tion) shouldhelpilluminatethemagnitudeof thisbias.Wealso
notethat the two centralellipticals themselves,basedon their
proximity andirregularisophotes,appearlikely to undergodis-
sipationlessmerger to form a single � 9L �B galaxy, similar to
local cD galaxies.

We concludethatmassive, evolvedearly-typegalaxieswere
alreadypresentin rich clustersat z= 1 � 24. Our simplemodels
imply meanluminosity-weightedagesof 2.6–3.3Gyr, corre-
spondingto formationat z= 2 � 7–3.6. However, the (i775- z850)
color is not ideal for the redshiftof RDCS1252,beingbetter
suitedto measuringthe 4000Å breakat z � 1 � 1. Combining
our ACS datawith deep,high-resolutionnear-IR imaging of
this �eld (Lidmanetal. 2003)will enableamorerobustassess-
mentof early-typegalaxyages.In addition,furtherstudiesof
the CM relationsandmorphologiesof galaxiesin otherz

�

�

1
clustersareneededto improvetheconstraintson theformation
epochof clustergalaxiesandon the evolution of their stellar
populationsandstructuralproperties.

ACS was developedunderNASA contractNAS 5-32864,
andthis researchhasbeensupportedby NASA grantNAG5-
7697.TheSTScIis operatedby AURA Inc.,underNASA con-
tractNAS5-26555.We thankour fellow ACS Teammembers
for their help,TaddyKodamafor helpfuldiscussionsandmod-
els,andStephaneCharlotfor theBC03models.

FIG. 3.— Slope(top) andscatter(bottom)of therest-frame(U- B) CM re-
lationasafunctionof redshift.The�lled circle is from thepresentwork; open
symbolsshow resultsfrom, in orderof increasingredshift,Boweretal. (1991);
vanDokkumet al. (1998);Ellis et al. (1998);vanDokkumet al. (2000);and
vanDokkumetal. (2001).Thedottedlinesindicatetheaveragevalues.
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TABLE 1

RDCS1252-2927 COLOR-MAGNITUDE RELATIONS

Sample z(lim)
850 Nr Nc Slope � bwt

a
� bwt

b
� int

Ec. . . . . . . . 15 15 - 0 � 022 � 0 � 011 0.029 0 � 029 � 0 � 005 0 � 023 � 0 � 007
E+S0c. . . . . 22 22 - 0 � 018 � 0 � 013 0.038 0 � 038 � 0 � 006 0 � 033 � 0 � 007
Ed. . . . . 24.0 25 25 - 0 � 020 � 0 � 009 0.033 0 � 033 � 0 � 005 0 � 024 � 0 � 008
E+S0d. . 24.0 44 41 - 0 � 025 � 0 � 008 0.045 0 � 038 � 0 � 004 0 � 029 � 0 � 007
Ed. . . . . 24.5 34 31 - 0 � 019 � 0 � 007 0.053 0 � 036 � 0 � 005 0 � 026 � 0 � 008
E+S0d. . 24.5 58 52 - 0 � 025 � 0 � 006 0.054 0 � 039 � 0 � 004 0 � 029 � 0 � 007
S0d. . . . 24.5 24 21 - 0 � 042 � 0 � 013 0.058 0 � 039 � 0 � 006 0 � 032 � 0 � 008

aBiweight scatterbasedon raw numberof galaxiesNr.

bBiweight scatterbasedonNc galaxiesafter3-� clipping.

cSpectroscopicallycon�rmed membersof speci�edtypeonly.
dAll red-sequenceobjects(known interlopersomitted)of speci�ed type, z850 �

z(lim)
850 and

within theareaof analysis.


