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1. Introduction

The goal of this lectureis to give an overview of the state-of-the-artin the field of galaxy
evolution in clustersand to point out the main observational milestonesthat a modelof galaxy
formationandevolution shouldattemptto reproduceandexplain, trying to underlinewherethe
currentmodelssucceedandwherethey moststruggle.

Understandingtheroleof environmental conditions in determinghow galaxiesareandevolve
is especially important in the context of a hierarchical cosmological scenario. As structuresgrow,
galaxiescanjoin moreandmoremassive structuresandexperiencedifferentenvironmentalcondi-
tionsduringtheir history. Separatinggalaxyevolution into “field” and“cluster” evolution hardly
makessensein this scenario,sincea clustergalaxytodaymayhave beena groupor field galaxy
duringtheearlierphasesof its evolution.

The physicalmechanismsthat areusuallyconsideredwhentrying to assessthe influenceof
theenvironmentongalaxyevolutioncanbegroupedin four mainfamilies:

1. Mergersandstronggalaxy-galaxyinteractions(Toomre& Toomre1972,Hernquist& Barnes
1991,seeMihos 2004for a review). They aremostefficient whenthe relative velocities
betweenthegalaxiesarelow, thusareexpectedto beespeciallyefficient in galaxygroups.

2. Tidal forcesdueto thecumulativeeffectof many weakerencounters(alsoknown as“harass-
ment”) (Richstone1976,Mooreet al. 1998). They areexpectedto beespeciallyimportant
in clusters,andparticularlyonsmaller/ lowermassgalaxies.

3. Gasstripping- Interactionsbetweenthegalaxyandtheinter-galacticmedium(IGM) (Gunn
& Gott 1972,Quilis et al. 2000). The interstellarmediumof a galaxycanbestrippedvia
variousmechanisms,includingviscousstripping,thermalevaporationand– themostfamous
memberof thisfamily – rampressurestripping.RampressurecanbeefficientwhentheIGM
gasdensityis high andtherelative velocity betweenthegalaxyandtheIGM is high. These
conditionsareexpectedto bemetespeciallyin theverycentralregionsof clustercores.

4. Strangulation(alsoknown asstarvation,or suffocation)(Larson,Tinsley & Caldwell1980,
Bower& Balogh2004).Assuminggalaxiespossessanenvelopeof hotgasthatcancooland
feedthedisk with fuel for starformation,theremoval of suchreservoir of gasis destinedto
inhibit furtheractivity oncethediskgasis exhausted.In semi-analyticmodels,for example,
thegashalo is assumedto be removedwhena galaxyentersassatellitein a moremassive
darkmatterhalo.

Notethatwhile strippinggasfrom thedisk inducesa truncationof thestarformationactivity
ona shorttimescale( � 107 yrs),strangulationis expectedto affect agalaxystarformationhistory
on a long timescale( � 1 Gyr) provoking a slowly decliningactivity which consumesthedisk gas
afterthesupplyof coolinggashasbeenremoved.

Someof theseprocesseshaveenempiricalmotivation(e.g.rampressurestrippingandmergers
canbe observed at work), while othershave a more“theoreticalground” (e.g. strangulationand
harassment).
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Theformertwo of thesefamiliesof processesaffectthegalaxystructure,thusmorphology, in a
directway: themergerof two spiralscanproduceanelliptical galaxy, andrepeatedtidal encounters
canchangea late–typeinto anearly-typegalaxy. The latter two families,instead,act on thegas
contentof galaxies,hencetheir starformationactivity, andcanmodify their morphologiesin an
indirectway: oncestarformationis haltedin a disk, this canfadesignificantly, thebulge-to-disk
relative importancecanchangeandthegalaxyappearanceandmorphologycanappearsignificantly
modified.

2. Evolution with redshift

2.1 Galaxy morphologies and star formation activity

At the time of this School,high–qualitydataof distantclustershave beenobtainedwith the
AdvancedCamerafor Surveys by several groups,andresultsshouldappearsoon(Postmanet al.
2005,Desaiet al. in prep.).HereI summarizethepublishedresults,which areall basedon Wide
FieldandPlanetaryCamera2 data.

Figure 1: From Dressleret al. (1997). Left. Morphology-densityrelationfor 55 clustersat low redshift
(Dressler1980).Right. Morphology-densityrelationfor 4 regularclustersatz � 0 � 45(Dressleretal. 1997).

TheHST imageshave revealedthepresenceof largenumbersof spiralgalaxiesin all distant
clustersobserved, in proportionsthat aremuchhigherthanin nearbyclustersof similar richness
(Dressleretal. 1994,Couchetal. 1994,Dressleretal. 1997).Thisis reflectedalsoin theevolution
of theMorphology-Density(MD) relation. TheMD relationis theobserved correlationbetween
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the frequency of the variousHubbletypesandthe local galaxydensity, normally definedasthe
projectednumberdensityof galaxieswithin an areaincluding its closestneighbours.In clusters
in the local Universe,the existenceof this relationhasbeenknown for a long time: ellipticals
are frequentin high densityregions,while the fraction of spiralsis high in low densityregions
(Oemler1974,Dressleret al. 1980). At z � 0 � 4 � 0 � 5, anMD relationis alreadypresent,but it is
quantitatively differentfrom the relationat z � 0: the fraction of S0galaxiesat z � 0 � 5 is much
lower, at all densities,thanin clustersat z � 0 (Fig. 1, Dressleret al. 1997).Thefractionof S0sin
clustersappearsto increasetowardslowerredshifts,while theproportionof spiralscorrespondingly
decreases(Fig. 2, Dressleret al. 1997,Fasanoet al. 2000). Interestingly, ellipticalsarealreadyas
abundantat z � 0 � 5 asat z � 0. Thesefindingsstronglysuggestthata significatfractionof theS0
galaxiesin clusterstodayhave evolved from spiralsat relatively recentepochs.Adoptinga more
conservative distinctionbetween“early-type” (Es+S0s)andlate-type(spirals)galaxies,a similar
evolution is found,with theearly-typefractiondecreasingat higherredshifts(vanDokkumet al.
2000,Lubin et al. 2002). First resultsat z � 0 � 7 � 1 � 3 seemto indicatethatbetweenz � 0 � 5 and
z � 1 what changesin the MD relationis only the occurrenceof early-typegalaxiesin the very
highestdensityregions(Smithet al. 2004).

Figure 2: From Fasanoet al. (2000). Evolution of the morphologicalmix in clusters. The fraction of
ellipticals,S0andspiralgalaxiesis shown for clustersbetweenz 	 0 � 55andz 	 0.

Interestingly, “an” MD relation,originally found in the clustercores,hasbeenshown to be
presentacrossa wide rangeof environments,in all typesof clusters,rich andpoor, concentrated
andirregular, with low andhigh LX (Dressler1980,Baloghet al. 2002a),in groups(Postman&
Geller1984)andat large clusterradii (Treuet al. 2003),thoughthe relationseemsto vary from
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rich to lessrich clusters(Dressler1980,Baloghet al. 2002).
ComparingHST morphologiesandspectroscopy, it hasbeenshown thatgalaxieswith active

starformationin distantclustersarefor thegreatmajority spirals(Dressleret al. 1999),but that
theviceversais not alwaystrue: severalof theclusterspirals,in fact,do not displayany emission
line in theirspectra,andboththeirspectraandtheircolorsindicatea lackof currentstarformation
activity (Poggiantiet al. 1999,Couchetal. 2001,Gotoet al. 2003).These“passive spirals”might
beanintermediatestagewhenstar–formingspiralsarebeingtransformedinto passive S0galaxies.

Historically, thefirstevidencefor ahigherincidenceof star-forminggalaxiesin distantclusters
comparedto nearbyclusterscamefrom photometricstudiesthat identifiedlargenumbersof blue
galaxies(Butcher& Oemler1978,1984,Ellingsonet al. 2001,Kodama& Bower 2001). Those
galaxiesin distantclustersthatarered andalreadylie onthecolor-magnitudesequencehaveinstead
very old stellarpopulationsformedat z � 2 � 3 thathave evolvedpassively after that (Ellis et al.
1997,Kodamaet al. 1998,Bargeretal. 1998,vanDokkumetal. 1999,2000,2001).They areonly
asubsetof thegalaxiesthatlie ontheredsequencetoday(vanDokkum& Franx2001)but they are
easilyrecognizableassignpostsof highdensityregionsout to very highredshifts(e.g.Stanfordet
al. 2002,Blakesleeet al. 2003,De Lucia et al. 2004). As we will seein Sec.2.2, thefractionof
galaxiesinvolved in the evolution from blue to reddoesn’t dependonly on redshift,but strongly
alsoongalaxymass.

Comparedto colors,spectroscopy is a moredirectway to identify galaxieswith ongoingstar
formation.For distantgalaxies,theHα line is redshiftedatopticalwavelengthsthatareseverelyaf-
fectedby sky or is observedin thenear-IR, thusthefeaturemostcommonlyusedis the[OI I]λ3727
line.

In theMORPHSsampleof 10 clustersat z � 0 � 4 � 0 � 5, thefractionof emission–linegalaxies
is � 30% for galaxiesbrighterthanMV �
� 19 � 5logh� 1 (Dressleret al. 1999,Poggiantiet al.
1999). In the CNOC clustersample,at an averageredshift z � 0 � 3, this fraction is about25%
(Baloghet al. 1999). This incidenceis muchhigherthanit is observed in similarly rich clusters
at z � 0 (Dressler, Thompson& Shectman1988). Significantnumbersof emission-linegalaxies
have beenreportedin virtually all spectroscopicsurveys of distantclusters(e.g.Couch& Sharples
1987,Fisheretal. 1998,Postmanetal. 1998,2001).

Theincreasingimportanceof the[OI I] emissionwith redshiftcanalsobeassessedfromcluster
compositespectra,that areobtainedsummingup the light from all galaxiesin a given clusterto
producea sort of “cluster integratedspectrum”(Fig. 3, Dressleret al. 2004). As expected,the
strengthof [OI I] in thesecompositespectradisplaysa large cluster–to–clustervariation at any
redshift,but thereis a tendency for the z � 0 � 5 clustersto have on averagea strongercomposite
EW([OI I]) thantheclustersat z � 0.

If numerousobservationsindicatethatemission–linegalaxiesweremoreprominentin clusters
in the pastthantoday, andif theseresultsareunsurprisinggiven the evolution with z of the star
formationactivity in the general“field”, quantifying this evolution in clustershasproved to be
very hard.Thefactthattheemission–lineincidencevariesstronglyfrom aclusterto anotherat all
redshifts,andthe relatively small samplesof clustersstudiedin detail at differentredshifts,have
sofar hinderedour progressin measuringhow thefractionof emission–linegalaxiesevolveswith
redshiftasa functionof theclusterproperties.

Discriminatingbetweencosmicevolutionandcluster–to–clustervarianceis aproblemalsofor
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Figure 3: From Dressleret al. (2004). Left. Compositespectraof five clustersat z � 0 � 5 (top five)
andfive clustersat z � 0 (bottomfive). The [OI I] line is generallymoreprominentin the high-z spectra.
Right. Equivalentwidthsof [OI I] versusHδ asmeasuredfrom compositespectraof clustersatz � 0 � 4 
 0 � 5
(crosses)andclustersat z � 0 (filled dots).

Hα cluster–widestudies.Usingnarrow–bandimagingor multiplex multislit capabilities,ahandful
of clustershave beenstudiedto dateat z � 0 � 2 (Couchet al. 2001,Baloghetal. 2002b,Finnet al.
2004,andsubmitted,Kodamaet al. 2004,Umedaet al. 2004).Thesestudieshave confirmedthat
the fraction of emission–line(Hα–detected,in this case)galaxiesis lower in clustersthanin the
field at similar redshifts,andhave shown that the bright endof theHα luminosity functiondoes
notseemto dependstronglyonenvironment.As shown in Fig. 4, thenumberof clustersstudiedis
still insufficient to pin down thestarformationrate(SFR)perunit of clustermassasa functionof
redshiftAND of globalclusterpropertiessuchastheclustervelocitydispersion.

A word of cautionis compulsorywhenusingemission–linesandassumingthey provide an
unbiasedview of theevolution of thestarformationactivity in clustergalaxies.Thereareseveral
indicationsthatdustextinction is in fact importantandstronglydistortsour view of thestarform-
ationactivity in at leastsomeclustergalaxies.Evidencefor dustarisesfrom opticalspectroscopy
itself, whichfindsmany dustystarburstingor star–forminggalaxieswith relatively weakemission–
linesboth in distantclustersandin thefield at similar redshifts(Poggiantiet al. 1999,Shioya et
al. 2000,Poggiantiet al. 2001a,Bekki et al. 2001). Theradio–continuumdetectionof galaxies
with no opticalemissionlines(Smailet al. 1999,Miller & Owen2002)andmid-IR estimatesof
thestarformationrate(Ducetal. 2002,Bivianoetal. 2004,Coiaetal. 2005a,b)indicatethateven
themajorityor all of thestarformationactivity of someclustergalaxiescanbeobscuredatoptical
wavelengths.Whethertakinginto accountdustobscurationchangessignificantlytheevolutionary
pictureinferredfrom emissionlinesis still acritical openquestionthatSpitzeris likely to answer.

Preciousinformationsaboutthestarformationhistoriesof clustergalaxiescanalsobeobtained
from absorption–linespectra.In distantclusters,thepresenceof galaxieswith strongBalmerlines
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Figure 4: From Finn et al. (2004). Star formationrateper unit of clustermass,asmeasuredfrom Hα
narrow-bandimaging,asa functionof redshift(left) andclustervelocitydispersion(right).

in absorptionin their spectra,and no emissionlines, testifiesthat theseare post-starburst/post-
starforminggalaxiesobservedsoonaftertheirstarformationactivity wasinterruptedandobserved
within 1-1.5Gyr from thehalting(Dressler& Gunn1983,Couch& Sharples1987,seePoggianti
2004for a review). Thesegalaxieshave beenfoundto beproportionallymorenumerousin distant
clustersthanin thefield at comparableredshifts(Dressleret al. 1999,Poggiantiet al. 1999,Tran
et al. 2003,2004).Their spectralcharacteristicsandtheir differentfrequency asa functionof the
environmentarea strongindicationfor a truncationof the star formationactivity relatedto the
denseenvironment.

Alltogether, the findingsdescribedin this sectionsuggestthat many galaxieshave stopped
forming starsin clustersquite recently, asa consequenceof environmentalconditionsswitching
off their starformationactivity, andthat(largely, in parallel)many galaxieshave morphologically
evolvedfrom lateto earlytypegalaxies.

2.2 Dependence of the star formation history on galaxy mass - Mass assembly

How doestheevolution dependon thegalaxymass?Doestheenvironmentaldependenceof
galaxypropertieschangewith galaxymass?

It hasalwaysbeenknown that fainter, lower massgalaxieson averagearebluer thanhigher
massgalaxies,andon averagehave moreactive star formation. The referencesto old andnew
papersshowing thiscouldeasilyfill this review.

Recently, the interestin this well establishedobservational resulthasgrown, andits implic-
ationshave beenmoreandmoreappreciated.In all environments,lower massgalaxieshave on
averagea moreprotractedstar formationhistory. This implies that, on average,going to lower
redshifts,the maximumluminosity/massof galaxieswith significantstarformationactivity pro-
gressively decreases.This “downsizingeffect”, observed in andoutsideof clusters,indicatesan
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“anti-hierachical”history for the star formation in galaxies,which parallelsa similar effect ob-
servedfor AGNs(Cristianiet al. 2004,Shankaret al. 2004).

In clusters,innumerableresultshave shown theexistenceof a downsizingeffect (Smailet al.
1998,Gavazziet al. 2002,DePropriset al. 2003,Tranet al. 2003,De Luciaet al. 2004,Kodama
etal. 2004,Poggiantietal. 2004,to nameafew). A directobservationof thiseffectathighredshift
is shown in Fig. 5 andillustratestheconsequenceof downsizingonthecharacteristicsof thecolor-
magnitudered sequencein clusters. A deficiency of faint red galaxiesis observed comparedto
Comain all four clustersstudied,despiteof the variety of clusterproperties.The red luminous
galaxiesarealreadyin placeon theredsequenceat z � 0 � 8, while asignificantfractionof thefaint
galaxiesmusthavestoppedformingstarsand,consequently, movedonto theredsequenceat lower
redshifts.A downsizingeffect is alsoobservedanalyzingthepost-starburstpopulationsin clusters:
themaximummassof post-starburstgalaxiesevolveswith z, beinghigherin distantclusters(Tran
et al. 2003,Poggiantiet al. 2004). The fractionof S0galaxieswith recentstarformationin the
Comaclusteris higherat fainter luminosities(Poggiantiet al. 2001b),which is consistentwith
thembeingthedescendantsof typicalstar-forming spiralsat intermediateredshift(seeSec.2.1).

Theseresultsand many othershave shown that the star formation history of a galaxy (in
clustersandin thefield) dependson averagestronglyon thegalaxymass(seealsoKauffmannet
al. 2003,2004,Baloghetal. 2004b).Anotherimportantaspectis whetherthemass distribution of
galaxiesvarieswith redshift.Thestellarmassfunction,tracedby theK-bandluminosityfunction,
hasbeenshown to evolve very little at the bright end in clustersbetweenz � 1 andz � 0: Kodama
& Bower(2003)find anevolutionwhichis consistentwith passiveevolution,andinconsistentwith
semi-analyticmodelsthatpredictinsteadanincreasein thecharacteristicmassof a factor � 3 over
the sameredshiftrange(Fig. 6). This resultis in agreementwith theevolution of K � found in a
clusterat z � 1 � 2 by Toft et al. (2004),who alsofind a strongevolution of the faint end of the
K-bandluminosityfunction: thefractionof low massgalaxiesappearsmuchlower in this cluster
at z � 1 � 2 thanin clustersat z � 0.

3. Local universe

In theprevioussectionswe have dealtwith theevolution of galaxymorphologies,starform-
ationactivity andmasses.In this sectionI want to mentiona coupleof resultsestablishedobser-
vationallyat low redshifts,regardinggalaxypropertiesandtrendswhoseevolutionwith redshiftis
still unknown: theStarFormation-Density(SFD)relation,andthegasandstarformationdistribu-
tionswithin galaxies.

It hasbeenknown for a long time that in thenearbyUniversealsotheaveragestarformation
activity correlateswith thelocaldensity:in higherdensityregions,themeanstarformationrateper
galaxyis lower. This is not surprising,giventheexistenceof theMD relation: thehighestdensity
regionshave proportionallymoreearly-typegalaxiesdevoid of currentstarformation.

Interestingly, the correlationbetweenmeanSF and local densityextendsto very low local
densities,comparableto thosefoundat thevirial radiusof clusters,andsucha correlationexists
alsooutsideof clusters(Lewis etal. 2002,Gomezetal. 2003;seealsoGrayetal. 2004showing for
thefirst time aninterestingrelationbetweenthestarformatinactivity andthedarkmatterdensity
field measuredby weakgravitational lensing). Again, this seemsto parallelthe fact that an MD
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Figure 5: From De Lucia et al. 2004. Left. Color-magnitudediagramsof four clustersat z 	 0 � 7 
 0 � 8
from theESODistantClusterSurvey. Histogramsrepresentthemagnitudedistribution of galaxieswithin
3σ from theredsequence.Right. Themagnitudedistribution of redsequencegalaxiesat z � 0 � 75 (top) is
comparedwith theoneof redgalaxiesin theComacluster(bottom). High-z clustersexhibit a cleardeficit
of low-luminositypassiveredgalaxiescomparedto Comaandothernearbyclusters.

relationis probablyexisting in all environments,– thoughit is not the same in all environments,as
discussedin Sec.2.1.

A variationin themeanSF/galaxywith densitycanbedueeitherto adifferencein thefraction
of star-forming galaxies, or in the star formation rates of thestar-forming galaxies,or a combin-
ation of both. In a recentpaper, Baloghet al. (2004a)have shown that the distribution of Hα
equivalent widths (EW) in star-forming galaxiesdoesnot dependstronglyon the local density,
while the fractionof star-forming galaxiesis a steepfunctionof the local density, in all environ-
ments. Again, a dependenceon the global environment is observed, in the sensethat,at a given
local density, the fraction of emission-linegalaxiesis slightly lower in environmentswith high
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Figure 6: FromKodama& Bower(2003).Theobservedstellarmassfunctionsat z � 1 andz � 0 compared
to semi-analyticmodelpredictions(Durham,left, andMitaka,right).

densityon largescales( � 5 Mpc) (but seeKauffmannetal. 2004for anoppositeresult).Basedon
this, theauthorsconcludethat if somephysicalmechanismswitchesoff thestarformationwhen
a galaxyentersa denserenvironment,it mustdo soon a shorttimescale,in orderto preserve the
shapeof theEW(Hα) distribution.

Thefactthata relationbetweenstarformationanddensityis observedalsooutsideof clusters
hasoftenbeeninterpretedasasignthattheenvironmentstartsaffectingthestarformationactivity
of galaxies(provoking a declinein starformationin galaxiesthatif isolatedwouldcontinueform-
ing stars)at relatively low densities,whenagalaxybecomespartof agroup,andstrangulationhas
traditionallybeeninvoked astheculprit. On theotherhand,this appearsin conflict with the fast
timescalerequiredfor exampleby theHα andcolorstudiesmentionedabove (Baloghetal. 2004a,
2004b).

Personally, I believe that the existence of sucha correlationis moreprobablythe resultof
a correlationbetweeninitial conditions(galaxymassand/orlocal environmentvery early on, at
the time the first starsformed in galaxies)and type of galaxy formed. The exact shape of the
correlation,instead,is probablyinfluencedby transformationshappeningin galaxieswhenthey
enteradifferentenvironment.

3.1 Gas content and gas/SF distribution within galaxies

In orderto understandwhathappensto galaxiesin clusters,two crucialpiecesof information
are1) the gascontentof clustergalaxiesand2) the spatialdistribution of thegasandof the star
formationactivity within eachgalaxy.

It hasbeenseveralyearssinceit becameevident thatmany spiralsin clustersaredeficientin
HI gascomparedto similar galaxiesin thefield (Giovanelli & Haynes1985,Cayatteet al. 1990,
seevanGorkom2004for a review). Most (but notall) of theHI deficientspiralsarefoundatsmall
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distancesfrom the clustercentre. In the centralregionsof clusters,the sizesof the HI disksare
smallerthanthe optical disks,anda spatialdisplacementbetweenthe HI andthe optical occurs
in several cases(Bravo-Alfaro et al. 2000). The fraction of HI–deficientspiralsincreasesgoing
towardstheclustercentre,andacorrelationis observedbetweendeficiency andorbitalparameters:
moredeficientgalaxiestendto beon radialorbits(Solaneset al. 2001).

All of thesefindingsstronglysuggestthat rampressurestripping,or at leastgasstrippingin
general,plays an importantrole. On the other hand,the work from Solaneset al. (2001)has
unexpectedlyshown that theHI deficiency is observedout to 2 Abell radii. This resulthasraised
thequestionwhethertheorigin of theHI deficiency in theclusteroutskirtscanbeconsistentwith
the ram pressurescenarioandwhethercanbe simply dueto effectssuchaslarge distanceerrors
or reboundingat largeclustercentricdistancesof galaxiesthathavegonethroughtheclustercenter
(Balogh,Navarro& Morris 2000,Mamonetal. 2004,Mooreetal. 2004,Sanchisetal. 2004).

Figure 7: From Koopmann& Kenney 2004. MedianHα radialprofilesfor galaxiesgroupedin different
classesaccordingto theirHα distribution.Thefirst two panelsshow profilesthatcanbeconsidered“normal”
(reproducedalsoin otherpanels).Truncated,anemic,enhancedclassesareshown in all theotherpanels.

Recentworks have yieldeda censusof the spatialdistribution of the star formation(asob-
served in Hα emission)within clustergalaxies.Theseworkshave shown that themajority of the
clustergalaxieshavepeculiarHα morphologies,comparedto field galaxies(Moss& Whittle 1993,
2000,Koopmann& Kenney 2004,Vogt et al. 2004). More thanhalf of the spiralsin the Virgo
cluster, for example,have Hα radialprofilestruncatedfrom a certainradiuson,while othershave
Hα suppressedthroughoutthedisk, andin somecases,enhanced(Fig. 7) (Koopmann& Kenney
2004). On a sampleof 18 nearbyclusters,similar classesof objectsareobserved: spiralswith
truncatedHα emissionandHI gason theleadingedgeof thedisk; spiralsstrippedof theirHI with
theirstarformationconfinedto theinnerregions;andquenchedspirals,in whichthestarformation
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is suppressedthroughoutthe disk (Vogt et al. 2004). From theseworks,gasstrippingappearsa
very importantfactorin determiningboththegascontentandthestarformationactivity of cluster
spirals,thoughtidal effectsarealsofoundto besignificant(Moss& Whittle 2000,Koopmann&
Kenney 2004). Spiralsin clustersthusappearto be heavily affectedby the environment,andto
beobserved in differentstagesof their likely transformationfrom infalling star-forming spiralsto
clusterS0s.

It is apparentlyhardto reconcilethe peculiarHα morphologiesof spiralsin nearbyclusters
with thefact thatthedistribution of Hα equivalentwidths(EWs)for bluegalaxiesin the2dFand
Sloandoesnotseemto varysignificantlyin clusters,groupsandfield (Fig.9 in Baloghetal. 2004).
Thisapparentcontradictionstill awaitsanexplanation.

4. Observations versus galaxy formation and evolution models

By now, mostlythanksto thescientificdebateof thelatestyears,it is widespreadwisdomthat
we areinvestigatinga three-dimensionalspace,whoseaxis areredshift,environmentandgalaxy
mass.In fact, the evolutionaryhistoriesand,in particular, thestarformationactivity of galaxies
have similar (increasing)trendsasa functionof (higher)redshift,(lower)galaxymassand(lower)
density/massof theenvironment.While observationallywe arebeginningto fill this 3-parameter
space,thegreattheoreticalchallengeis to helpcomprehendfrom aphysicalpointof view why this
is thehistoryof ourUniverse.

Given the topic of this Schoolandmeeting,I think it is appropriateto summarizewhat are
the mostimportantobservationalfindingsfor simulationsandmodelsto address.Theorycanbe
fundamentalto:

1. explaintheorigin of theMorphology-Densityrelation;explainthecauseof its evolutionwith
redshiftandthereasonof its variationwith environment;

2. reproducethestarformationhistoryof galaxiesasa functionof theenvironment,in partic-
ular: theSFincreasewith lookbacktime,theexistenceof post-starburstgalaxiesin clusters,
theorigin and(predictthe)evolutionof theSF-Densityrelation

3. reproduceandexplain theorigin of thedownsizingeffect andthehistoryof massassembly

Hierarchicalsimulationsshow a correlationbetweencolor/morphologyanddensitywhich is
in qualitative agreementwith observations(Kauffmannet al. 1999,Bensonet al. 2001,andin
prep.,Diaferioet al. 2001,Springelet al. 2001)andwith theButcher-Oemlereffect (Bower 1991,
Kauffmannetal. 1995a,1995b).

Let’s take asexamplethemorphology-densityrelation:a morphologicalsegregationis a pre-
diction of CDM simulationsof large scalestructureandsemi-analyticmodelsbecausethe local
densityof galaxiesandDM is relatedto theepochof initial collapse:themostmassive structures
at any epocharethe earliestthat collapsed.Even modelsthat only includemergersandneglect
any otherenvironmentalprocessobtaina trendin qualitative agreementwith the MD relation: a
morphologicalsegregationis built-in at a very fundamentallevel in hierarchicaltheoriesof galaxy
formation.
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However, all modelsfail to reproducetheS0population(which, it is worthreminding,repres-
ents40%of thegalaxypopulationsof rich clustersat low z), recognizingthatadditionalprocesses
seemto berequired(Diaferioetal. 2001,Springeletal. 2001,Okamoto& Nagashima2001,2003,
Bensonetal. in prep.).

Anothergoodexamplearetheearly-typegalaxies.Observationspoint to averyheterogeneous
evolution for thosegalaxiesthat todayarepassive red early-typegalaxiesin clusters,but not in
the sensenaively expectedfrom models: the massive ones(for which mergersshouldbe more
importantaccordingto models)observationally appeartruly old andhomogeneous.It is by now
establishedby an overwhelmingnumberof observationsthat the moremassive galaxiesare,the
older they are, thus that the ageof galaxieshave an anti-hierarchicalbehaviour with mass. At
this meetingwe have heardseveral lecturesandtalksremindingusof this observationalevidence
and of galaxy formationandevolution modelsreproducingthis anti-hierarchicalevolution with
opportuneassumptions(seee.g.Danese’sandCristiani’scontributionsto theseproceedings,Chiosi
& Carraro2002).As wehave seenin Sec.2.2themassassemblyof galaxiesin clustersis another
field whereuntil now thereis a mismatchbetweenmodelsandobservations. But thecomparison
betweengalaxymodelswithin a CDM scenarioand observationsof galaxiesin clustersis still
largelyunprobedterritory, andafruitful interplaycanbeexpectedin thecomingyears,aspromised
by theprogressshown at thismeeting.
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