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Interaction processesbetweenthe components of clustersof galaxiesareefficient in removing

gasfrom thegalaxiesandtransporting it into theintra-clustermedium.This transport is respon-

siblefor thehigh metallicitiesfoundin theintra-clustermedium. Sofar it is not quiteclearwhat

the efficienciesof the various processesandtheir time dependenciesare. The current statusof

observationalevidence in termsof metallicity measurements in clusters,spatialmetallicity dis-

tribution andmetallicity evolution is reviewed in this article. Differenttypesof interactionand

metalenrichmentprocessesarediscussed:galacticwinds,ram-pressurestripping,galaxy-galaxy

interaction, jets from AGN, andan intra-clusterstellarpopulation. Resultsof simulationsare

presentedwhich takesomeof theseinteractionprocessesinto account.
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1. Introduction

Thecomponentsof clustersof galaxies– galaxiesandintra-cluster medium(ICM) – interact
with eachother in many ways. Thereis moreandmoreobservational evidencethatvarious types
of interaction processesareat work, which remove interstellar medium (ISM) from the galaxies.
This removed ISM intermixeswith the ICM, so that the nowadays observed ICM is a mixture of
both.

Thedeepgravitational potential wells of clustersretain the integratedproductsof nucleosyn-
thesis. With thenew X-ray observationsmetalsin the intra-cluster gascanbemeasured in detail.
As theintra-clustergasrepresentsmostof thebaryonicmattertheseX-ray observationsareof high
importancefor theunderstandingof theevolution of clustersandtheirgalaxies.Mostof themetals
musthavebeen producedwithin thegalaxiesandlater they have beentransportedby various inter-
actionprocessesfrom thegalaxiesinto theintra-clustergas.Hencethemetalsareagoodtracerfor
theinteraction processesbetweengalaxies andtheintra-cluster gas.

PreviousX-ray observations have shown already that themetalabundance in theintra-cluster
medium is quitehigh,about onethird in solarunits(e.g.Fukazawaetal. 1998(ASCA),Petersonet
al. 2003 (XMM), DeGrandietal. 2004 (BeppoSAX))andalready many yearsagotherehavebeen
attemptsto infer theorigin of themetals(Arnaudetal. 1992). With theold X-ray satellitesROSAT,
ASCA, andBeppoSAX,however, it washard to draw conclusions on the metaldistribution any
moredetailedthana radialmetallicity profile (seee.g.De Grandiet al. 2004) andon theevolution
of metalswith redshift (Schindler et al. 1999).

Thenew generationof X-ray satellitesXMM andCHANDRA brought a break throughin the
investigation of themetalenrichment. Their superior spatial andspectral resolution togetherwith
thehigh sensitivity madeit possible to measure2D distributions of metals:metallicity maps(e.g.
Schmidtet al. 2002; Furusho et al. 2003; Sanders et al. 2004; Fukazawa et al. 2004; Hayakawa
et al. 2004). Thesemapsshows that, the metallicity hasclearly a non-uniform distribution and
a non-spherical distribution, which leadsto very interestingconclusions. The mapsexplain why
themetallicity profiles, in which all metallicitiesareazimuthally averaged,show a flat distribution
in non-cooling coresclusters: dueto the accumulationof photons from regions very far apartall
variationsaresmeared out.

Furtherinformation could be provided by observations of metalsin distant clusters. So far
attempts have beenmadeto measure metallicity evolution out to a redshift of 1.2 (Tozzi et al.
2003), but thesituationis not very clearyet (Nagashimaet al. 2004). Differentdistributionsof Fe
andother elements canbeobserved (e.g. Peterson et al. 2003;Tamuraet al. 2004), which allow
for conclusionson thecontributionsof thedifferent types of supernovae.

Togetherwith themetalsalsoenergy is transportedinto theICM. This topic hasreceiveda lot
of attention recently becauseit is considered a possible solution for thecooling/heatingbalancein
cooling coreclusters(seeChurazov et al. 2002; Böhringeret al. 2004; Fabian2004).

2. Metal enrichment processes

All thesenew resultshavestimulateda lot of discussion on theorigin of metalsandtheenergy
transfer. Given that mostmetalsmustcomefrom cluster galaxies,the high ICM metallicity (0.3
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solar) andthesmallcontribution of thegalaxymassesto thebaryonic matterin a cluster ( � 20%)
theamount of material thathasto betransportedfrom theISM to theICM mustbeconsiderable.

2.1 Galactic winds

Alreadymany yearsagogalactic windsweresuggestedasapossibleISM transfermechanism
(De Young1978). The winds aredriven by supernova explosions. Sincethenwinds wereoften
held responsible for mostof the gastransport. But recent observations andsimulations indicate
that otherprocessescancontribute considerably.

2.2 Ram-pressure stripping

One process that obtains more and more attention is ram-pressure stripping (Gunn & Gott
1972). In theVirgo clusteralone at least7 examples of ram-pressureaffectedspiral galaxies have
been found by HI observations (Cayatte et al. 1990; Veilleux et al. 1999, Vollmer et al. 1999,
Vollmer 2003,Kenney et al. 2004, Vollmer et al. 2004a,b; Koopmann& Kenney 2004)and in
elliptical galaxies stripping featureshave beendiscoveredin X-ray observations(e.g. Rangarajan
et al. 1995). Also in the Comaandotherclustersevidencefor ram-pressurestripping hasbeen
found (Bravo-Alf aroet al. 2000, 2001).

2.3 Galaxy-galaxy interaction

Anotherpossiblemechanismto removegasfrom thegalaxiesis interactionbetween thegalax-
ies (e.g. Clemenset al. 2000). While the direct stripping effect is probably not very efficient in
clustersdueto the short interaction times,the close passageof another galaxycantrigger a star
burst (Barnes& Hernquist 1992; Mooreet al. 1996; Bekki 1999), which subsequently canleadto
a galacticwind (Kapferer et al., in prep.). Starbursts with subsequent winds canalsobe caused
by cluster mergers (Ferrariet al. 2003,2004),becausein suchmergers the gasis compressedand
shock wavesandcold fronts areproduced(Evrard1991; Caldwellet al. 1993; Wanget al. 1997;
Owenetal. 1999; Moss& Whittle 2000; Bekki & Couch2003). But therecanalsobeacompeting
effect. The ISM might bestrippedoff immediately by ram-pressurestripping (Fujita et al. 1999,
Heinzetal. 2003)andhencethestarformation ratecould drop. In any caseISM wouldberemoved
from thegalaxies.

2.4 Jets from AGN

Jetsfrom AGN interact with the ICM (e.g. Schindler et al. 2001, Blanton et al. 2001, Mc-
Namaraet al. 2001,Heinz et al. 2002,Choi et al. 2004). As this jet-ICM interactioncanhave
an effect both on the energeticsandthe metalenrichmentof the ICM several groups have started
to calculatealso this process(Zhang1999, Churazov et al. 2001, Nulsenet al. 2002, Krause&
Camenzind 2003, Heinz2003, Beall et al. 2004, Della Vecchiaet al. 2004).

2.5 Intra-cluster stellar population

Thereis moreandmoreevidence for a population of starsbetween the galaxies in a cluster
(Gerhard et al. 2002; Cortese2004; Ryan-Weberet al. 2004; Adamietal. 2004). Whenthesestars
explodeassupernovaethey canenrich theICM very efficiently (Domainko et al. 2004a; Zaritzsky
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et al. 2004; Lin & Mohr 2004), thereforethis population of starsshould alsobeconsideredfor the
enrichmentprocesses.

3. Simulations

Obviously the enrichmentof the ICM is a complex process,which is the result of many dif-
ferent mechanisms.Many groups have donealready sometime agosimulationsto quantify oneor
moreof theseenrichmentmechanisms: winds (David et al. 1991;Metzler & Evrard1994, 1997)
andwindscomparedto galaxy-galaxy interactions(Gnedin 1998; Aguirre et al. 2001). Theseold
simulationscameto very differentconclusions. A problem with this kind of simulationswasthat
they hadto cover large scales aswell asgalaxyscales. Therefore theresolution wasnot very good
at small scalesandhencethe results hadlarge uncertainties, which wereprobably the reasonfor
thediscordant results.

In orderto overcometheproblemof thelargerangeof scalesseveral groupssimulated in detail
a single galaxy, which is in the processof being stripped (Abadi et al. 1999; Quilis et al. 2000;
Toniazzo & Schindler 2001; Schulz& Struck2001; Vollmer et al. 2001; Hidaka& Sofue2002;
Bekki & Couch2002; Otmianowska-Mazur& Vollmer 2003; Schumacher& Hensler 2004). From
thesesimulationsof spirals andellipticals the efficiency andtime scales of the stripping process
depending on galaxypropertiesandon ICM conditionscanbeinferred.

Currently, several approachesarebeingmadeto explain theoverallenrichmentof theICM. De
Lucia etal. (2004)andNagashimaetal. (2004) useacombinationof semi-analytic techniquesand
N-body simulationsto calculatetheoverall ICM metallicity, i.e. they donotpredict thedistribution
of metalsin a cluster. They find thatmainly themassive galaxies contributeto theenrichmentand
that there is a mild metalevolution since z=1. Tornatore et al. (2004) andValdarnini (2003) do
hydrodynamic simulationswith smoothedparticle hydrodynamicsthatincludedetailedyieldsfrom
type Ia andII supernovae,but do not distinguishbetweenthe different transport processes. They
put mostof their emphasis on the amountof iron producedandon profiles. Tornatore et al. find
interesting results amongthemprofilesthataresignificantly steeper thanthoseobserved. Springel
& Hernquist (2003) usea multi-phasemodelandincludealsosomeenrichmentprocesses.

TheHydroSKI Teamin Innsbrucktakesacomplementaryapproach.Weinvestigate thetrans-
port of themetalsfrom thegalaxies into theintra-cluster mediumandstudyin detail theefficiency
of thevarioustransportprocesses,whichareneglectedby theother groups. In thefirst simulations,
that wehave performedsofar, wehave takeninto account two different transportprocesses– ram-
pressurestripping andgalacticwinds(seehttp://astro.uibk.ac.at/astroneu/hydroskiteam/index.htm).
First preliminary results andtechniques have beenshown in thecontributionsby W. Kapferer, W.
Domainko andT. Kronberger(seetheseproceedings) andhave beenpublishedin Domainko et al.
(2004b,c,d,e); Kapfereret al. (2004a,b);Mair (2004); Schindler et al. (2004).

From thesesimulations we candraw somepreliminary qualitative conclusions for the com-
parisonof theenrichmentefficiency of ram-pressurestripping andgalactic winds(seeFig. 1). We
find that ram-pressurestripping is definitely important for theenrichmentof the ICM, in contrast
to whathasbeenclaimed frequently in thepast.Wealsofind thatthedistribution of metalscoming
from the two processesis different. Ram-pressure stripping is moreefficient in the centre of the
cluster. Thereason is that thestripping rateis proportional to thedensity of the ICM andpropor-
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Figure 1: Metallicity distribution in a simulationof a massive, Coma-type cluster. Top: The simulation
takesgalacticwindsinto account. Themetallicity shows a minimumin theclustercentre,becausetheICM
pressurein sucha massive clusteris so strongthat it suppresseswinds here. Bottom: In this simulation
only theeffectof ram-pressurestrippingis included. Themetallicitydistributionis concentratedtowardsthe
clustercentre, becausestrippingis mostefficient in thecentre.

tional to thesquareof thevelocity of thegalaxies.Both ICM density andgalaxyvelocity increase
towards theclustercentre, thereforemoregasis lost there. For galacticwindsthemetallicity maps
look very different: in thecluster centre not a lot of ISM is lost dueto winds. Again theexplana-
tion is clear: in thecentral partstheICM pressure is higher thereforeapossible galactic wind feels
morepressure from outside,which might prevent it from blowing gasaway. We find thatthemean
radiusof pressurebalancebetweenICM andgalactic wind dependsstrongly onthedynamicalstate
of the cluster: for a relaxed Coma-like cluster anda Galaxy-like spiral the meanradius of pres-
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sure balance is at about 0.8 Mpc, while for a merger in thesamecluster the radius is at about1.2
Mpc. Interesting is alsothatthedifferent distributionsarenotdispersedimmediately by themotion
of the ICM, but they arerelatively stableover someGyrs. This inhomogeneity in the metallicity
distribution is on goodagreementwith recent X-ray observations.
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