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ABSTRACT

We investigate the physical natureof blue coresin early-typegalaxiesthroughthe rst multi-wavelength
analysisof aserendipitouslyliscorered eld blue-nucleatedpheroidn thebackgrounf thedeepACS/WFC
griz multicolor obsenationsof the clusterAbell 1689. Theresohedg r,r iandi zcolormapsreveala
prominentblue coreidentifying this galaxyasa “typical” casestudy exhibiting variationsof 0:5 1:0 magin
color betweenthe centerandthe outerregions, oppositeto the expectationsof reddenednetallicity induced
gradientsin passiely evolved ellipticals. From a Magellan-Clayspectrumwe securethe galaxy redshiftat
z= 0:624.We nd astrongX-ray sourcecoincidentwith the spheroidgalaxy. Spectrafeaturesanda high X-
ray luminosityindicatethe presencef anAGN in the galaxy However, acomparisorof the X-ray luminosity
to asamplederivedfrom the ChandraDeepField SouthdisplaysLy to becomparabldo Type l/QSOgalaxies
while the optical ux is consistentwith a normal starforming galaxy We concludethat the galaxy's non-
thermalcomponentiominatesat high-enegy wavelengthswhile we associateéhe spheroidblue light with the
stellarspectrunof normalstarforming galaxies.We argueabouta probableassociatiorbetweerthe presence

of blue coresin spheroidaandAGN actity.
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1. INTRODUCTION

Early-type galaxieshave beenthe focal point for probing
one of the main expectationsfrom hierarchicalmodels of
galaxy formation: the continuousassemblyof galaxieswith
redshift via memgers. Considerableattentionhas beende-
votedto eld ellipticals at intermediateredshiftswith high-
resolutionmulticolor datathatcanprovide con dent morpho-
logical classi cation. The Hubble DeepFields (HDFs) and
morerecentlyabundantAdvancedCamerégor Suneys (ACS)
deepimaginghasprovidedsigni cant advancesRecentstud-
iesusetheevolution of thefundamentaplanefor eld ellipti-
cals(Treuetal. 2002;vanDokkum& Ellis 2003)to constrain
their evolution by comparingto clusterellipticals, and their
colors and numberevolution as a function of redshift (e.qg.
Bell etal. 2004).

A relatively new approachis the use of color inhomo-
geneitiesexploiting the resohed colors from Hubble Space
TelescopgHST) ellipticals to tracerecentstarformationac-
tivity (Abrahametal. 1999;Paporvich etal. 2003). The stud-
ies' chiefdiscoveryis that' 30%of HST selectedspheroids
haveinternalcolorvariations thatdepartfrom theexpectation
for passiely evolvedellipticals (MenanteauAbraham & EI-
lis 2001a;Menanteatet al. 2004). Moreover, in mostcases
the color variationsmanifestthemselesvia the presencef

1 Departmenbf PhysicsandAstronomy JohnsHopkinsUniversity, 3400
North CharlesStreet,Baltimore,MD 21218.

2 INAF Osseratorio Astronomicadi Trieste via Tiepolo11, -34131 Tri-
este |taly.

3 Departmenbf AstroplysicalSciencesPeytonHall - Ivy LanePrinceton,
NJ 08544. R R

4 Departmentode Astronom y Astrof&ica, Ponti®cia Universidad
CawlicadeChile, Casilla306,Santiaga22, Chile.

5 Institutode Astrofsicade Andaluda (CSIC), C/CaminoBajo de Huétor,
24,Granadal18008,Spain.

Y Basedon obsenationsobtainedat Las Campana®bsenratory

6 UCO/Lick Obsenratory, Universityof California, SantaCruz, CA 95064.

7 STScl,3700SanMartin Drive, Baltimore,MD 21218.

8 NASA GoddardSpaceFlight Center Laboratoryfor AstronomyandSo-
lar Physics,GreenbeltMD 20771.

blue cores,an effect of oppositesign to that expectedfrom
metallicity gradientson passiely evolved ellipticals. Until
now, bluecoresin ellipticalshave beensolelyassociatedvith
starformationattributedto differencesn local potentialwell
which malkes starformation more ef cient in the centralre-
gion of the galaxy (Menanteatet al. 2001b;Friaca & Ter
levich 2001). However, the physical natureof theseobjects
hasbeenelusive asthey have beenonly detectedn extremely
deepHST obsenations (e.g. the HDFs) and deepspectro-
scopicobsenationshave beerrathedimited (i.e. vanDokkum
& Ellis 2003)dueto thelongintegrationtimesrequiredto ac-
quire high-signalspectrunof faintellipticals.

In this Letter, we investigatethe physical origin of the blue
coresin spheroidghroughthe discovery of a blue-nucleated
spheroidgalaxyassociateavith astrongx-ray source We use
a combinationof, deepground-basedpectrum,HST/ACS
deepmuticolor obsenationsandarchival ChandraX-ray ob-
senationsto explorethe probabldink betweerAGN activity
andthe manifestatiorof blue centrallight in spheroids.We
adopta at cosmologywith h= 0:7, Wy, = 0:3andW_ = 0.7
throughout.

2. MULTI-WAVELENGTH OBSER/ATIONS
2.1. Optical Imaging of Abell 1689

The ACS obsenationsof Abell 1689 weretaken in June
2002 as part of the ACS GuaranteedTime Obsenations
(GTO) scienceprogram. They consistof deepexposuresof
4, 4, 3 and7 orbitsin the F475W@), F625W¢), F775W()
andF850LP¢) bandsrespectiely. Theimageswerealigned,
cosmic-rayrejectedand drizzled togetherinto a single geo-
metrically correctedmageusing APSIS (ACS Pipeline Sci-
encelnvestigation Software; Blakesleeet al. 2003) at Johns
HopkinsUniversity, leadingto total exposuresf 9500,9500,
11800and 16600secin g, r, i andz, respectrely, anda -
nal pixel scaleof 0995 pixel 1. We referto Broadhursetal.
(2004)for a more detailedaccountof the ACS obsenations
and photometry Initial objectdetection,extraction,andin-
tegratedphotometryweretakenfrom the outputAPSISSEXx-
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tractorcatalogsusingthe ACS photometriccalibrationin AB
magnitudes.Ancillary ground-basedmagingin the U band
and nearinfrared J, H, K bandsmatchingthe ACS-de ned
aperturesveretakenfrom the Abell 1689catalogof Coeetal.
(in preparation)which include point spreadfunction (PSF)
correctedyround-basedhagnitudes.

2.2. DeepLDSS2Magellan Spectrum

The spectroscopiinformationis basedon the deepmulti-
objectobsenationstakenwith theLasCampana®bsenratory
Magellan-Clay6.5mtelescopeon May 26, 27 and 28, 2003.
We usedthe low-dispersionsuney spectrograpi?2 (LDSS2)
aspart of a spectroscopisuney of Abell 1689 (Frye et al.
2004). Tamgetsfor the programwere selectedollowing two
criteria: 1) acquiringredshiftsfor the multiply-lensedgalax-
ies discorered by Broadhurstet al. (2004), and 2) securing
spectrafor high redshiftbackgroundgalaxies. We were par
ticularly carefulto includein all our LDDS2 masksthe only
spheroidgalaxy with a blue corein the ACS eld of Abell
1689.

We usedour own IDL reductionsoftwareto handlea large
numberof spectraefciently. Optimizing for background-
limited data, our aim was to maximize the signal-to-noise
ratio without resamplingthe data, so that groupsof pixels
carrying faint continuumsignal have every chanceof be-
ing detectedasa coherentpatternin the nal reducedmage
(seeFrye et al. 2002 for details). The nal co-added,ux-
calibratedspectrumof the galaxy totaled 10h througha 1°9
slit in a seeingof 0°8 0°8 using the Med/Blue grism at
300 lines/mm. Its wavelengthdispersionis 5A pixel 1, de-
terminedfrom unblendedsky lines,andits spectrakoverage,
' 4000 8500A.

2.3. Chandi X-ray Observations

We investicatedthe AGN natureof our blue core spheroid
from X-ray archial data. We usedthe Abell 1689 obsena-
tions from the ChandraX-ray Obsenratory using ACIS-I in
FAINT modein two exposuresof about10.7ks and10.3ks
for atotal of 21 ks after datareductionwith the CIAO soft-
ware.We smoothedutthe X-ray imageof pixel size0:984°9
with al:5s Gaussianiter andsuperimposeds ux contours
over the ACS image. From Fig. 1 we seetwo main X-ray
sourcewithin the ACS coverageof Abell 1689,thestrongest
comingfrom thecentralcD galaxyin Abell 1689(Xue & Wu
2002) andon the upperright of the ACS imagea strongX-
ray sourcewhich we positively associatevith the blue core
spheroidn our study

We also consideredthe possibility of radio sourcesbe-
ing associatedvith the object. Basedon radio wavelength
archival datafrom the VLA FIRSTradiosuney (White etal.
1997),wefoundnoradiocounterparassociateavith theblue
coregalaxyatthe ux limits of thesurwey (0.97mJy/beam).

3. ANALYSIS

To searchfor color variationsin spheroids,we examine
galaxiesin the ACS eld of Abell 1689via the construction
ofg r,r i,andi zcolormapsfor all 742 galaxieswith
775y < 24:5. Although the effective areafor this searchis
ratherlimited dueto the presencef the clusteritself andthe
gravitationallensmagni cation, we successfulljjocatedone
backgroundpheroidaln oneof thecornersof the ACS eld-
of-view with a strongcentralblue spotsimilarly to thosere-
portedpreviously (seeupperpanelFig. 2). This is the only

spheroidwith a blue corein the eld, including all the ob-
jectsassociateavith the cluster To studythe color mapsand
galaxy pro les, we rst removedthe dependencef the PSF
structureon wavelengthby decowolving the galaxyimagein
eachbandpassvith an appropriatePSFusingthe IRAF lucy
taskwith ux conseration. ThePSFswverederivedfrom sev-
eral obsenationsof a well-exposedstarin ACS calibration
programs. The restoredmageswerethen corvolved identi-
cally with the F625W PSF, thusremaving ary color depen-
dencedueto the PSFshape. We usedthis imagesto create
thegalaxyresohedcolor maps.Theseshav aprominentlue
corewith color differencef’' 1:0maging r,' 0:8mag
inr iand 0:9ini =z

We veri ed if the galaxy possessean unresohed nucleus,
acommonsignatureof nuclearactvity, by comparingits nu-
clearpro le in each Iter with thatof anobsened PSE The
galaxy radial pro les were extractedwith the IRAF radprof
taskwith “background”subtractionde ned in an annulusof
radius6 pixels (0°8) and width 2 pixels, locatedinside the
hostgalaxy. The resultinggalactic pro les werethencom-
paredwith thoseof thePSFstar A positive pointsourceiden-
ti cation wasascertainedn all four Iters outto aradiusof
5 pixels (0925) . The matchof the galaxy's nuclearpro le
with the PSFis bestin F475W Iter, wherethe hostgalaxy
contaminationis the least. The F625W pro les exhibit the
largestdeviation possiblyfrom contaminatiorby [O 11] | 3727
line emission(seeFig. 2).

The spectrum(Fig. 2) shavs prominentemissionlinesthat
indicatethe presenceof an active nucleusand also suggest
star formation actiity. The galaxy containsthe distinctive
Mg Il, Hb and[O 1lI] I | 4959,5007elular lines associated
with AGNs. However, thesignalis nothigh enoughto seethe
broad-linecomponenfor the Mg Il andHb permittedlines,
andHa lies outsidethe obsenred spectralrange. The con-
tinuumdoesnot follow a purepower-law, but ratherincludes
someabsorptiorfeaturessuchasMgb.

Additional information con rming the presenceof an ac-
tive nucleuscomesfrom the X-ray obserations. The galaxy
is detectedhsa pointsourcen the X-ray with avery high sig-
nal andwith atotal of ' 130 net countsin the 0.3—10keV
band, extractedfrom a circular region of 8°° From a dif-
ferenceof almost9 monthsbetweenthe two Chandraob-
senations, the sourceseemdo be variablewith a luminos-
ity decreaseof 30% at a 2 sigmac.l. in the soft band
(0:5 2 keV). However, we do not detectary variability in
the hardband. This is expected sincevariability is routinely
found in X-ray sourcesin Chandrasuneys (Paolillo et al.
2004).To correctfor possiblecontaminatiorfrom the diffuse
emissionfrom the cluster which is very strongin the posi-
tion of the galaxy image,we experimentedextracting three
differentbackgroundsiroundthe galaxy anddeterminedhat
the backgrounds not affecting our resultssigni cantly. Due
to the low numberof net detecteccounts,we usedthe Cash
(1979)statisticgo t thespectrunof thegalaxywith XSPEC
(V11.3)theenegyrange0:6 8keV, to avoid calibrationun-
certaintiesatenegieslowerthan0.6keV. Ourmodelis asim-
ple power-law plus a Galacticabsorptiorandan intrinsic ab-
sorption. We nd a spectralslopeof G= 1.5 0:2 andan
upperlimit to theintrinsic absorptiorof 2 10?1 cm 2. The
redshiftis frozento z= 0:624 andthe Galacticabsorptiornto
Ny = 1:82 10%° cm 2. The luminosity in the rest-frame
0.5 2keVand0:5 10keV bandis Lx = 2:95 10 emy
s TandLyx = 1:04 10*emys ! respectiely (seeTablel).
Both theabsencef signi cant absorptiorandthe high lumi-
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FiG. 1. TheACS/WFCimagingof Abell 1689(z= 0:18)with thesuperimpose@handra):5 7 keV X-ray contourmaps consistingof 20 contoursetween
0:1 14 countsperpixel displayedwith asqrtscale. Theinsetpanelshavs anenlagemeniof the backgroundspheroidatz= 0:624,the stronges®eld X-ray

sourcein the ACS®eld besideghe clusteritself.

TABLE 1
MULTIWAVELENGTH INFORMATION
(J2000) AB magnitude EW(E L(egs b
RA DEC U  F475W F625W F775W F850LP  J H K [Oom [0l Hb Lxos 2kevy Lx@s 10kev)
13:11:37.69 -01:19:49.8 21.60 22.07 21.92 21.39 21.27 20.69 20.44 20.04 235 70.7 9.68 2.95 10% 1.04 10*

nositypointtowardsa Typel AGN.

We also notice a residualaround4 keV, which is the ob-
servingframeenegy expectedor apossibleFeline complex
attherest—frameenegy of  6:4 keV. Thereforewe repeated
the ts by addinga simpleGaussiadine andleaving freethe
enepgy, thewidth andnormalizatiorof theline. We obtainthe
bestt values:Ejine = 3:93 0:08 keV, andequivalentwidth
EW= 0:9 0:5keV.Inaddition,thebestt slopeofthepower
law is G= 1:65 0:25,while theupperlimits ontheintrinsic

absorptioraresomeavhatlargerbut consistentvith thevalues
obtainedwithout the line. The decreaseén C—statisticawith
respecto the modelwithoutthelineis DC  5:9. Consider
ing thatwe addedhreefree parameterge ning theline, such
adecrementorrespondo a signi cancelevel of about90%.
However, sincethe best—t enegy of theline is whatwe ex-
pectedfor the redshifted6.4 keV K—shelltransitionfrom Fe,
thesigni canceof thedetectedine is morethan2 sigma.We
concludethatwe possiblydetecteda Feline originatedin the
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FiG. 2.D Upperpanel:thei-bandsurfacebrightnessandtheg r,r iandi zcolor mapsfor theblue corespheroidirom the ACSimaging. The®gureis

colorcodedoits realcolorin AB magnitudesLower panel:theLDSS2obsenedspectrunfor thegalaxyatz= 0:624is shavn asasolidline. Thecorresponding
ACS®Iter bandpasseareshavn in arbitraryunitsasdottedlines. Prominentspectralinesarelabeled.

nuclearregion, an occurrenceo be veri ed with further ob-
senationsalreadyscheduledor A1689(publicreleaseMarch
2005).

4. DISCUSSION

We examinethe relationshipbetweenthe X-ray and opti-
cal luminositiesof the galaxy andits connectiorwith galaxy
types. We comparethe galaxy Lx g2 10 kev lUMinosity
andK-bandabsoluteAB magnitudewith the galaxiesin the
Szololy etal. (2004)ChandraDeepField South(CDF-S)cat-
alogof X-ray sourcesTheK absolutenagnituddés computed
usingthek-correctionderivedfrom the Typel spectraknegy
distribution (SED)of the Chatzichristouprivatecommunica-
tion) library of SEDs.In Fig. 3 (upperpanel) we compard_x
andK for the galaxy (solid star)andthe CDF-Ssample.lt is
interestingto notethatthe galaxy hasan X-ray luminosityin
the samerangeaslow luminosity QSOs(squaresand Typel
AGNSs (lled circles). However, the galaxy's K ux is more
similarto thatof Typell AGNs(opencircles)or normalgalax-
ies (triangles). This suggestghat the galaxy's non-thermal
componenis very stronganddominantor high-enegy wave-
lengthswhile thereis a starforming stellar componenthat
contributesmostof thelight at opticalwavelengths.

We alsoinvesticgatetherelationbetweertheline ux ratios
[O ]I 372FHb and[O 11I] I 5007F=Hb. This diagnostiadia-
gramhasbeenusedfor thespectraklassi cationof emission-
line galaxies(seeTresseetal. 1996).In Fig. 3 (lower panel),
we comparedheline ux esbetweerthespheroidgalaxy(solid
star) and the valuesfor different galaxy types taken from
the spectrophotometricatalogof galaxiesof Terlevich etal.
(1991). We nd thatthe galaxy has[O II]/ 3727=Hb val-

uesin thesamerangeasTypell AGNsandHII galaxiesand
thatits [O Ill] ] 5007&=Hb ux is moresimilarto HIl andnor
mal galaxies. Moreover, the typical [O IlI]/ 5007Hb and
[O ]I 372FHb valuesof Type | AGNs (solid circles) are
signi cantly lower thanthe valuesof the galaxy We con-
siderthis asfurtherevidencefor thedualnatureof thegalaxy

Although the spectrumshavs AGN signaturesuchasMgll

and [O 1]/ I 4959,5007,the strengthof the [O 1]/ 3727
line suggestthe presenceof ongoingstellar formation pro-
cesseslf we associatéhe[O 1]/ 3727 ux to stellaractivity

we canmake a rough estimateof the galaxy star formation
rate (SFR)basedon its [O 1]/ 3727 luminosity, L[O 1], us-
ing the prescriptionof Kennicutt(1998). Whereaghe rates
derived from [O 1]/ 3727 are less precisethan thosefrom

Ha dueto uncertaintiedn the assumedda extinction, it is

still possibleto obtain a reasonableestimatefor the galaxy
SFR.Wecompute [O 1I]= 2:79 10* emgss ! whichyields
aSFR= 390 1:12M yr 1 This representsa modest
rate, lower thanin massie starlurst galaxies(Ranalli et al.

2003; Gilfanor et al. 2004). However it is consistentwith

normal disk galaxiesand SFR computedfor spheroidswith

similar blue cores,basedourely on models(Menanteatet al.

2001a,b).

The Lx (o5 2kev) hasbeenemplo/ed as a SFRindicator
(seeRanalliet al. 2003; Cohen2003), becausef its link to
X-ray binaries, (Persicet al. 2004), young supernga rem-
nantsandgalacticwinds associatedo starforming galaxies.
Additionally Gilfanor et al. (2004) have derived the relation
betweerLx . 10kev)@NdSFR,consistentvith Ranallietal.
(2003)exceptfor low SFR(Grimmetal. 2003).Couldtheob-
senedspheroidLyx be solelyassociatedavith starformation?
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It is hardto rule outthatafractionof it is notrelated however

the 2-10keV hardbandluminosityLy= 7:5 10¥%emgs 1,

would suggestan extremely high SFR (> 10* M yr 1) in

contradictionwith the optical data suggestie of low star

formationactiity. Thereis alsoa tight correlationbetween
L(1:4 Gh2 radio luminosity and Ly for starlurst galaxies
(Cohen2003). However, we reportno signalfor the galaxy
atradiowavelengthgi.e. x 2).

5. CONCLUSION

Basedon the galaxy's spectralfeaturesand its X-ray lu-
minosity, we have determinedhe presencef anactive non-
thermalcomponentn the blue spheroidgalaxy identi ed in
thebackgroundeld of Abell 1689.StarformationandAGNs
have beensuggestedo be closelyinter-connectedLevenson
et al. 2001). However, they have beenrelatedmostly with
Se/fert 2 galaxieswhichareheavily absorbedn theirhardX-
ray emission—notthecasédor thisgalaxy. Moreover, thefact
thatwe obsenre suchaprominentbluecorein theACSimages
suggestghat the centralregion is not particularly affected
by dustobscurationnor thatit containsa dusty enshrouded
starturst. On the otherhandmost present-daygalaxieshar
bor supermasse black holes,which may have animportant
role in theformationof ellipticalsandbulges(Merritt & Fer
rarese2001). It is tantalizingto relatethe galaxy centralblue
light with therapidmassnfall into a centralblackholewhich
might trigger star formation, and the subsequentueling of
gasinto the AGN which might be the phenomenorwe are
observing.

The adwent of wide areaswith deep publicly available
HST/ACS multicolor imaging and ChandraX-ray obsenra-
tionswill makeit possibleo examinewhethertheassociation
betweenAGNs andblue corespheroidss a commonfeature
orjustarareoccurrencelf they proveto beaconstanfeature
in blue core spheroids thesemight representa new galaxy
subclassand may provide evidencefor a more delayedfor-
mationscenaridor early-typegalaxies.

We thank Ann Hornschemeierfor useful corversations
on the subject. ACS was developed under NASA con-
tract NAS 5-32865,andthis researchs supportechy NASA
grant NAG5-7697. LI and GG acknavledge supportfrom
FONDAP "Centerfor Astroptysics”.
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