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Abstract
We presentsomeearlyresultsfrom our deepimagingsurvey of galaxyclustersintendedto
detectandstudy intraclusterlight (ICL). From our observationsto date,we �nd that ICL
is commonin galaxyclusters,andthatsubstructurein theICL alsoappearsto becommon
aswell. We alsodiscusssomeinitial comparisonsof our imagingresultsto high-resolution
numericalsimulationsof galaxyclusters,andgiveavenuesfor futureresearch.

1.1 Intr oduction
Theconceptof intraclusterstarlight(ICL), or starsbetweenthegalaxiesin galaxy

clustersis not a new one: it was�rst proposedover50 yearsago(Zwicky 1951).However,
progressin studyingICL hasbeenslow due to its low surfacebrightness,which is less
than1% of the brightnessof the night sky (seeVílchez-Gómez1999,Feldmeier2000for
reviews). This is unfortunate,becauseICL is a powerful probeof theevolution of galaxies
in clusters(Dressler1984),andof clusterevolutionoverall.

In the last six yearshowever, the studyof ICL hasincreaseddramatically. Numerous
individual intraclusterstarshave beendetectedin nearbyanddistantgalaxyclusters(Arn-
aboldiet al. 1996;Theuns& Warren1997;Feldmeier, Ciardullo& Jacoby1998;Ferguson,
Tanvir & vonHippel1998;Durrell etal. 2002;Feldmeieretal. 2003;Arnaboldietal. 2003;
Gal-Yamet al. 2003).At thesametime,deepimagingof clusterswith CCD detectorshave
alsodetectedtheintraclusterlight (Uson,Boughn,& Kuhn1991;Víchez-Gomez,Pelló,&
Sanahuja,1994;Bernsteinet al. 1995;Gonzalezet al. 2000).Detectionsof tidal debrisarcs
(Trentham& Mobasher1998;Gregg& West1998;Calcáneo-Roldánetal. 2000)in clusters
have shown that at thereis signi�cant substructurein the ICL, andthat the productionof
ICL is ongoing.

Encouragedby theseresults,we have undertakena deepimagingsurvey of galaxyclus-
ters, intendedto quantify the propertiesof ICL asa function of environment,andoverall
galaxyclusterproperties.Fromourdeepimaging,with carefulattentionto systematicerrors
(e.g.,Morrison,Boroson,& Harding1994;Morrison et al. 1997),we areableto measure
theICL to faint surfacebrightnessesmany magnitudesbelow thatof thenight sky ( �

v,ICL
� 26–28). In tandemwith theobservations,we areconstructingnumericalsimulationsof
galaxyclustersin a cosmologicalcontext, similar to thoseof Dubinski(1998).

Here,we presentthe resultsof our deepimagingsurvey to date. We notethat thereare
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severalothersearchesfor ICL underwaythathavecomplementarygoals(seeGonzalezetal.
thisvolume;Krick et al. this volume).

1.2 The Survey
For our initial survey, we focus on observingAbell clusters(Abell, Corwin, &

Olowin 1989) at large distanceclasses(5–6, correspondingto z � 0.1–0.2). This is to
ensurethat theentireclusteris containedin our �eld-of-view for goodsky subtraction,but
the clustersare not so distantthat cosmological(1+ z)4 surfacebrightnessdimming is a
majoreffect. We arealsoobservinga few nearbyclustersfrom theMKW/AWM (Morgan,
Kayser, White 1975,Albert, White, & Morgan1977)asa comparisonsample. Our goal
is to gathera representativesampleof clusterswith differentrichness,Bautz-Morganand
Rood-Sastrytypes.Wehaveobservedtenclusterssofar(ACO84,98,545,801,1234,1413,
1553,1914,2443andMKW 7), andplanto observe4–5morebeforecompletingthis initial
survey.

We observe usingthe KPNO 2.1m,andimagethroughthe WashingtonM �lter , which
is similar to V but containsfewer night sky emissionlines. We usethe ultra-deepsurface
photometrytechniquesof Morrison, Boroson,& Harding(1994)for our observationsand
datareduction.We spendhalf of our telescopetime constructingour darksky �ats (which
are�at to 0.3%on all scalesin the worst case),andthe otherhalf observingthe clusters.
Wethencarefullymaskoutall objectsin our frames,usingacombinationof theDAOPHOT
(Stetson1987),SExtractor(Bertin & Arnouts1996)andour own software.After detecting
theICL, we constructanerrormodelfor eachclusterthatincludesall sourcesof error, both
randomandsystematic.Our datahasa signal-to-noiseof � ve (includingsystematicerrors;
seeFeldmeieret al. 2002for anexampleof theerrormodel)at a surfacebrightnessof 26.5
magarcsec- 2. Thesignal-to-noiseratioapproachesunity at �

v= 28.3magarsec- 2.
Theresultsof the�rst two clustershave beenpublishedin Feldmeieret al. (2002):work

is ongoingon theotherclusters.A mosaicof the �rst � ve clustersis shown in Figure1.1.
Oncethis initial survey is complete,we plan to observe nearbyclustersusingthe CWRU
Burrell Schmidt,which is currentlybeingoptimizedfor ultra-deepsurfacephotometry.

1.3 Results
From the clusterswe have observedso far, it seemsthat diffuseintraclusterlight

andintraclustertidal debrisis commonin galaxyclusters.Fig 1.2 shows an exampleof a
tidal plumesuperimposedover thebrightestclustergalaxyin theclusterMKW 7. Similar
tidal featurescanbeseenin Abell 1914(seetheboxedregionsin Figure1.1),andin several
otherclusters. Although our sampleis still small, it seemsthat the clustersthat are cD-
dominated(Abell 1413,MKW 7) have smoother, moreregular ICL thanthosein clusters
thatdo not have a cD galaxy(ACO 1234,1553& 1914). In thesenoncD clusters,theICL
followsanirregulardistribution,andis notwell correlatedwith galaxydensity.

Tidal featuresof thekind wehavedetectedcanbeseenin high-resolutionclusterN-body
simulations(e.g.,Mooreet al. 1996;Dubinski1998;Dubinski,Murali, & Ouyed2001;see
alsoWillman, this volume),but thusfar we have seenfew long tidal debrisarcs. Plume-
like intraclusterdebrisstructuresseemto bemorecommonin theclusterswehavesurveyed
thus far. However, it is clear from the simulationsthat the vast majority of tidal debris
seenin clustersimulationshasa surfacebrightnessmuchlower thanour limit of �

v= 26.5
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magarsec- 2 for theinitial observations.Thestructuresthatwe have observedarelikely to
bethebrightestfeaturesin eachcluster.

Anotherinterestingfacetof ourobservationsis thenatureof cD galaxyenvelopes,which
arecharacterizedby an excessof diffuselight (comparedto an R1� 4 law) at large radius.
Theorigin of cD envelopesremainsunclear:arethey formedin theinitial stagesof cluster
collapse(Merritt 1983,1984),or later, asgalaxiescontinueto fall in theclusterandbecome
tidally stripped?Theacceptedview of cD envelopes(Schombert1992)is that cDs in rich
galaxyclustershave largeextendedcD envelopes,while brightestclustergalaxiesin poorer
clustersdonot. In ourobservationsof Abell 1413andMKW 7, we havefoundtheopposite
behavior: MKW 7, a poorclusterhasa strongcD envelope,while Abell 1413hasa weaker
cD envelopethan previously measured.Sinceother researchershave also found cDs in
rich clusterswith pure R1� 4 laws (e.g.,Gonzalez2000), this may signify that the earlier
photographicsurfacephotometryof cDsmayneedto bere-examined.

1.4 Futur eWork
Our initial survey will be completedby the endof 2003: we thenplan to begin

observationson theBurrell Schmidt.Thewide �eld of view of theSchmidt( � 1.5degrees)
will allow usto observemorenearbygalaxyclusters,wheremuchmoreis known abouttheir
properties.Wealsoplanto runadditionallarge-scalegalaxyclustersimulationsoverarange
of cosmologiesandinitial conditionssothatwecanmakedetailedcomparisonsbetweenour
imagingsurvey andtheoreticalresults.

A �nal goal is to createquantitative metricsfor theICL thatcanbeusedon simulations
andobservations.In Figure1.3weshow onepotentialmetric: theamountof stellarluminos-
ity asa functionof surfacebrightness,appliedto theclustersimulationof Dubinski (1998)
at two differentredshifts. In this relation,dynamicallyevolved clustershave a shallower
slopeto their “surfacebrightnessdistribution function” thandynamicallyyoungerclusters.
Fromcomparisonof multiple simulations,theintrinsic scatterin this slopeat �x edredshift
is low ( � 4%). More testingis needed,but theresultsseempromising.

References
Abell, G. O.,Corwin,H. G.,& Olowin, R. P. 1989,ApJS,70,1
Albert, C. E.,White,R. A., & Morgan,W. W. 1977,ApJ,211,309
Arnaboldi,M., etal. 1996,ApJ,472,145
Arnaboldi,M. et al. 2003,AJ, 125,514
Bernstein,G. M., Nichol, R. C.,Tyson,J.A., Ulmer, M. P., & Wittman,D. 1995,AJ, 110,1507
Bertin,E. & Arnouts,S.1996,A&AS, 117,393
Calcáneo-Roldán,C. , Moore,B. , Bland-Hawthorn,J. , Malin, D., & Sadler, E. M. 2000,MNRAS, 314,324
Dressler, A. 1984,ARA&A, 22,185
Dubinski,J.1998,ApJ,502,141
Dubinski,J.,Murali, C.,& Ouyed,R. 2001,unpublishedpreprint
Durrell, P., Ciardullo,R.,Feldmeier, J.J.,Jacoby, G. H., & Sigurdsson,S.2002,ApJ,570,119
Feldmeier, J.J.2000,Ph.D.Thesis,PennStateUniversity
Feldmeier, J.J.,Ciardullo,R.,& Jacoby, G. H. 1998,ApJ,503,109
Feldmeier, J.J.,Ciardullo,R., Jacoby, G.H.,Durrell, P.R.2003,ApJS,145,65
Feldmeier, J.J.,Mihos,J.C.,Morrison,H. L., Rodney, S.A., & Harding,P. 2002,ApJ,575,779
Ferguson,H. C.,Tanvir, N. R.,& vonHippel,T. 1998,Nature,391,461
Gal-Yam,A., Maoz,D., Guhathakurta,P., & Filippenko, A. 2003,AJ, 125,1087
Gonzalez,A. H., Zabludoff, A. I., Zaritsky, D., & Dalcanton,J.J.2000,ApJ,536,561
Gregg,M. D., & West,M. J.1998,Nature,396,549
Merritt, D. 1983,ApJ,264,24

3



J. J. Feldmeieret al.

Fig. 1.1. Imagesof � veclustersobservedin this survey. Fromleft to right andtop
to bottom,they are:Abell 1413,MKW 7, Abell 1914,Abell 1234,andAbell 1553.
The last threeclustersshow only the centralsectionof the image;theseclusters
show a wealthof ICL substructure.Many of the brighter galaxiesat the center
of eachclusterlie within a low surfacebrightnesscommonenvelope,andthereare
clearlyde�nedtidal features,mostnoticeablyin Abell 1914(denotedby theboxes).
This in contrastto the �rst two clusters,which had lesssubstructure(Feldmeier
et al. 2002).
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Fig. 1.2. Our residualimagefor MKW 7, after thebest-�tting elliptical modelof
the cD + ICL hasbeensubtracted.The black ellipseshows wherethe measured
surfacebrightnesshasa signal-to-noisegreaterthan � ve. A large tidal plume is
apparentleadingfrom the centerof the imageto the right (south),andup (west)
of thegalaxy's nucleus.Themagnitudeof this plumeis approximatelyequalto a
smallgalaxy(Mv �

- 17)

Fig. 1.3. A surfacebrightnesshistogramof all starlight from a N-body simula-
tion by Dubinski (1998). As can be clearly seen,as the clusterevolves, more
starlightis accreted(causingan offsetbetweenthe two histograms),andstarlight
is strippedfrom thehigh-surfacebrightnessgalaxies,andre-distributedinto lower
surfacebrightnessICL features.This strippingcausesthesurfacebrightnesshis-
togramslopeto becomemoreshallow overtime. Thisrelation,whichis in principle
observable,mayallow usto placelimits on thedynamicalageof galaxyclusters.
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