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1. Introduction

The goal of this lectureis to give an overvien of the state-of-the-arin the field of galaxy
evolution in clustersandto point out the main obserational milestoneghat a model of galaxy
formationand evolution shouldattemptto reproduceand explain, trying to underlinewherethe
currentmodelssuccee@andwherethey moststruggle.

Understandingherole of environmental conditionsin determinghow galaxiesareandevolve
is especially important in the context of a hierarchical cosmological scenario. As structureggrow,
galaxiescanjoin moreandmoremassve structureandexperiencedifferentervironmentalcondi-
tions duringtheir history Separatingyalaxyevolution into “field” and“cluster” evolution hardly
malkes sensen this scenariosincea clustergalaxytoday may have beena groupor field galaxy
duringthe earlierphase®f its evolution.

The physicalmechanismshat are usually consideredvhentrying to assesshe influenceof
the ernvironmenton galaxyevolution canbe groupedn four mainfamilies:

1. Mergersandstronggalaxy-galaxynteractiongToomre& Toomrel972,Hernquisi& Barnes
1991, seeMihos 2004 for a review). They are mostefficient whenthe relative velocities
betweerthe galaxiesarelow, thusareexpectedo be especiallyefficientin galaxygroups.

2. Tidal forcesdueto thecumulatie effect of mary wealerencountergalsoknovn as“harass-
ment”) (Richstonel976,Moore etal. 1998). They areexpectedto be especiallyimportant
in clustersandparticularlyon smaller/ lower massgalaxies.

3. Gasstripping- Interactiondbetweerthe galaxyandtheintergalacticmedium(IGM) (Gunn
& Gott 1972, Quilis etal. 2000). The interstellarmediumof a galaxy canbe strippedvia
variousmechanismdncludingviscousstrippingthermalevaporatiorand—themostfamous
membeiof thisfamily — rampressuretripping. RampressureanbeefficientwhentheIGM
gasdensityis high andtherelative velocity betweerthe galaxyandthe IGM is high. These
conditionsareexpectedo be metespeciallyin thevery centralregionsof clustercores.

4. Strangulatior(alsoknown asstanation, or suffocation)(Larson,Tinsley & Caldwell 1980,
Bower & Balogh2004).Assuminggalaxiegpossesanervelopeof hotgasthatcancooland
feedthe disk with fuel for starformation,the removal of suchreserwir of gasis destinedo
inhibit furtheractivity oncethedisk gasis exhaustedin semi-analytianodels for example,
the gashalois assumedo be remored whena galaxyentersas satellitein a moremassie
darkmatterhalo.

Notethatwhile strippinggasfrom the disk inducesa truncationof the starformationactiity
onashorttimescalg~ 10’ yrs), strangulatioris expectedo affect a galaxystarformationhistory
onalongtimescalg> 1 Gyr) provoking a slowly decliningactvity which consumesghedisk gas
afterthe supplyof coolinggashasbeenremored.

Someof thesegprocessebave enempiricalmotivation(e.g.rampressuretrippingandmergers
canbe obsenred at work), while othershave a more“theoreticalground” (e.g. strangulatiorand
harassment).
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Theformertwo of thesefamiliesof processeaffectthegalaxystructurethusmorphologyin a
directway: themeigerof two spiralscanproduceanelliptical galaxy andrepeatedidal encounters
canchangea late—typeinto an early-typegalaxy The lattertwo families,instead,acton the gas
contentof galaxieshencetheir starformationactiity, andcanmodify their morphologiesn an
indirectway: oncestarformationis haltedin a disk, this canfadesignificantly the bulge-to-disk
relatve importancecanchangeandthegalaxyappearancandmorphologycanappeasignificantly
modified.

2. Evolution with redshift

2.1 Galaxy morphologiesand star formation activity

At thetime of this School,high—qualitydataof distantclustershave beenobtainedwith the
AdvancedCamerafor Suneys by several groups,andresultsshouldappearsoon(Postmaret al.
2005,Desaietal. in prep.). Herel summarizehe publishedresults,which areall basedon Wide
FieldandPlanetaryCamera2 data.
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Figure 1: FromDressleretal. (1997). Left. Morphology-densityrelationfor 55 clustersat low redshift
(Dressler1980). Right. Morphology-densityelationfor 4 regularclustersatz ~ 0.45 (Dressleretal. 1997).

The HST imageshave revealedthe presencef large numbersof spiralgalaxiesin all distant
clustersobsered, in proportionsthatare muchhigherthanin nearbyclustersof similar richness
(Dresslertal. 1994,Couchetal. 1994,Dressleretal. 1997). Thisis reflectedalsoin theevolution
of the Morphology-DensityMD) relation. The MD relationis the obsered correlationbetween
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the frequeng of the variousHubbletypesandthe local galaxy density normally definedasthe
projectednumberdensityof galaxieswithin an areaincludingits closestneighbours.In clusters
in the local Universe,the existenceof this relation hasbeenknown for a long time: ellipticals
arefrequentin high densityregions, while the fraction of spiralsis high in low densityregions
(Oemler1974,Dressleretal. 1980). At z= 0.4 — 0.5, anMD relationis alreadypresentput it is
guantitatively differentfrom the relationat z = 0: the fraction of SO galaxiesat z= 0.5 is much
lower, atall densitiesthanin clustersatz= 0 (Fig. 1, Dressleretal. 1997). Thefractionof SOsin
clustersaappearso increaseowardslowerredshifts while theproportionof spiralscorrespondingly
decreasefFig. 2, Dressleretal. 1997,Fasancetal. 2000). Interestingly ellipticalsarealreadyas
alundantatz= 0.5 asatz = 0. Thesefindingsstronglysuggesthata significatfraction of the SO
galaxiesin clusterstodayhave evolved from spiralsat relatively recentepochs.Adoptinga more
conserative distinctionbetween'‘early-type” (Es+S0s)ndlate-type(spirals)galaxies,a similar
evolution is found, with the early-typefraction decreasingt higherredshifts(van Dokkumet al.
2000,Lubin etal. 2002). Firstresultsat z~ 0.7 — 1.3 seemto indicatethatbetweerz = 0.5 and
z= 1 what changesn the MD relationis only the occurrenceof early-typegalaxiesin the very
highestdensityregions(Smithetal. 2004).
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Figure 2: From Fasanoet al. (2000). Evolution of the morphologicalmix in clusters. The fraction of
ellipticals,SOandspiralgalaxiesis shovn for clustershetweerz = 0.55andz = 0.

Interestingly “an” MD relation, originally found in the clustercores,hasbeenshavn to be
presentacrossa wide rangeof ervironments,in all typesof clustersrich andpoor, concentrated
andirregular, with low andhigh Ly (Dresslerl980,Baloghet al. 2002a),in groups(Postmart
Geller1984)andat large clusterradii (Treu et al. 2003),thoughthe relationseemdo vary from
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rich to lessrich clustergDresslerl980,Baloghetal. 2002).

ComparingHST morphologiesandspectroscop it hasbeenshavn that galaxieswith active
starformationin distantclustersarefor the greatmajority spirals(Dressleret al. 1999),but that
theviceversais not alwaystrue: several of the clusterspirals,in fact, do not displayary emission
line in their spectragndboththeir spectraandtheir colorsindicatealack of currentstarformation
actvity (Poggiantietal. 1999,Couchetal. 2001,Gotoetal. 2003). These'passve spirals”might
beanintermediatestagevhenstarformingspiralsarebeingtransformednto passie SOgalaxies.

Historically, thefirst evidencefor ahigherincidenceof starforming galaxiesn distantclusters
comparedo nearbyclusterscamefrom photometricstudiesthatidentifiedlarge numbersof blue
galaxies(Butcher& Oemler1978,1984,Ellingsonetal. 2001,Kodama& Bower 2001). Those
galaxiedn distantclusterghatarered andalreadylie onthecolormagnitudesequenclave instead
very old stellarpopulationdormedat z > 2 — 3 thathave evolved passiely afterthat (Ellis et al.
1997,Kodameetal. 1998,Bamgeretal. 1998,vanDokkumetal. 1999,2000,2001)They areonly
asubsebf thegalaxieghatlie ontheredsequencéoday(vanDokkumé& Franx2001)but they are
easilyrecognizableassignpostof high densityregionsoutto very high redshifts(e.g. Stanfordet
al. 2002,Blakesleeetal. 2003,De Luciaetal. 2004). As we will seein Sec.2.2, thefraction of
galaxiesinvolved in the evolution from blue to red doesnt dependonly on redshift, but strongly
alsoongalaxymass.

Comparedo colors,spectroscopis a moredirectway to identify galaxieswith ongoingstar
formation.For distantgalaxiestheHa line is redshiftedatopticalwavelengthghatareseverelyaf-
fectedby sky or is obseredin thenearIR, thusthefeaturemostcommonlyusedis the[O11]A3727
line.

In the MORPHSsampleof 10 clustersatz ~ 0.4 — 0.5, thefractionof emission—linegalaxies
is ~ 30% for galaxiesbrighterthanMy = —19+ 5logh~ (Dressleret al. 1999, Poggiantiet al.
1999). In the CNOC clustersample,at an averageredshiftz ~ 0.3, this fraction is about25%
(Baloghetal. 1999). This incidenceis muchhigherthanit is obseredin similarly rich clusters
at z= 0 (Dressler Thompson& Shectmaril988). Significantnumbersof emission-linegalaxies
have beenreportedn virtually all spectroscopisuneys of distantclusterge.g.Couch& Sharples
1987,Fisheretal. 1998,Postmaretal. 1998,2001).

Theincreasingmportancenf the[O11] emissiorwith redshiftcanalsobeassessefilom cluster
compositespectrathat are obtainedsummingup the light from all galaxiesin a given clusterto
producea sort of “cluster integratedspectrum”(Fig. 3, Dressleret al. 2004). As expected,the
strengthof [O11] in thesecompositespectradisplaysa large clusterto—clustervariation at ary
redshift, but thereis a tendenyg for the z= 0.5 clustersto have on averagea strongercomposite
EW([O11]) thantheclustersatz= 0.

If numerousbserationsindicatethatemission—lingyalaxiesveremoreprominentn clusters
in the pastthantoday andif theseresultsare unsurprisinggiven the evolution with z of the star
formation actvity in the general“field”, quantifying this evolution in clustershasproved to be
very hard. Thefactthatthe emission—linéncidencevariesstronglyfrom a clusterto anotherat all
redshifts,andthe relatively small samplesof clustersstudiedin detail at differentredshifts,have
sofar hinderedour progressn measurindhow thefraction of emission—linegalaxiesevolveswith
redshiftasafunctionof theclusterproperties.

Discriminatingbetweercosmicevolution andclusterto—clustevariances a problemalsofor
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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 [O11] line is generallymore prominentin the high-z spectra.
Right. Equivalentwidthsof [O11] versusHd asmeasuredrom compositespectraof clustersatz~ 0.4 — 0.5
(crossesandclustersatz ~ O (filled dots).

Ha clusterwide studies Usingnarrav—bandimagingor multiplex multislit capabilitiesa handful
of clustershave beenstudiedto dateat z > 0.2 (Couchetal. 2001,Baloghetal. 2002b,Finn etal.
2004,andsubmitted Kodamaetal. 2004,Umedaet al. 2004). Thesestudieshave confirmedthat
the fraction of emission—lindHa—detectedin this case)galaxiesis lower in clustersthanin the
field at similar redshifts,and have shavn thatthe bright endof the Ha luminosity function does
not seemo dependstronglyon ervironment.As shawvn in Fig. 4, thenumberof clustersstudiedis
still insufficient to pin down the starformationrate (SFR)perunit of clustermassasa functionof
redshiftAND of globalclusterpropertiessuchasthe clustervelocity dispersion.

A word of cautionis compulsorywhen using emission—lineandassuminghey provide an
unbiasedsiew of the evolution of the starformationactiity in clustergalaxies.Thereareseveral
indicationsthatdustextinctionis in factimportantandstronglydistortsour view of the starform-
ationactuity in atleastsomeclustergalaxies.Evidencefor dustarisesfrom optical spectroscop
itself, whichfindsmary dustystarturstingor star-forminggalaxieswith relatively weakemission—
linesbothin distantclustersandin the field at similar redshifts(Poggiantiet al. 1999, Shioya et
al. 2000,Poggiantietal. 2001a,Bekki etal. 2001). The radio—continuurndetectionof galaxies
with no opticalemissionlines (Smailetal. 1999, Miller & Owen2002)andmid-IR estimatef
thestarformationrate(Ducetal. 2002,Bivianoetal. 2004,Coiaetal. 2005a,b)jndicatethateven
themajority or all of the starformationactivity of someclustergalaxiescanbeobscuredat optical
wavelengths Whethertakinginto accountdustobscuratiorchangesignificantlythe evolutionary
pictureinferredfrom emissionlinesis still a critical openquestiornthat Spitzeris likely to answer

Preciousnformationsaboutthestarformationhistoriesof clustergalaxiesanalsobeobtained
from absorption—linespectraln distantclustersthe presencef galaxieswith strongBalmerlines
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Figure 4: From Finn etal. (2004). Starformationrate per unit of clustermass,as measuredrom Ha
narron-bandimaging,asa functionof redshift(left) andclustervelocity dispersion(right).

in absorptionin their spectra,and no emissionlines, testifiesthat theseare post-starbrst/pos

starforminggalaxiesobsered soonaftertheir starformationactiity wasinterruptedandobsenred
within 1-1.5Gyr from the halting (Dressler& Gunn1983,Couch& Sharplesl987,seePoggianti
2004for areview). Thesegalaxieshave beenfoundto be proportionallymorenumerousn distant
clustergthanin thefield at comparableedshifts(Dressleretal. 1999,Poggiantietal. 1999, Tran
etal. 2003,2004). Their spectralcharacteristicandtheir differentfrequeng asa function of the
environmentare a strongindicationfor a truncationof the starformationactvity relatedto the
densesrvironment.

Alltogether the findings describedn this sectionsuggesthat mary galaxieshave stopped
forming starsin clustersquite recently asa consequencef ervironmentalconditionsswitching
off their starformationactvity, andthat(largely, in parallel)mary galaxieshavze morphologically
evolvedfrom lateto earlytypegalaxies.

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

How doesthe evolution dependon the galaxymass?Doesthe ervironmentaldependencef
galaxypropertiechangewith galaxymass?

It hasalwaysbeenknown thatfainter lower massgalaxieson averagearebluerthanhigher
massgalaxies,and on averagehave more active star formation. The referencego old and nev
papersshaving this couldeasilyfill this review.

Recently the interestin this well establishedbserational resulthasgrowvn, andits implic-
ationshave beenmore and more appreciated.In all ervironments,lower massgalaxieshave on
averagea more protractedstar formationhistory This implies that, on average,going to lower
redshifts,the maximumluminosity/massf galaxieswith significantstarformationactvity pro-
gressiely decreasesThis “downsizing effect”, obsered in andoutsideof clusters,indicatesan
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“anti-hierachical’history for the starformationin galaxies,which parallelsa similar effect ob-
senedfor AGNs(Cristianietal. 2004,Shankasetal. 2004).

In clustersjnnumerablaesultshave shavn the existenceof a downsizingeffect (Smailet al.
1998,Gavazzietal. 2002,De Proprisetal. 2003, Tranetal. 2003,De Luciaetal. 2004,Kodama
etal. 2004,Poggiantietal. 2004,to nameafew). A directobsenrationof this effectathighredshift
is shavn in Fig. 5 andillustratesthe consequencef downsizingon the characteristicsf thecolor
magnitudered sequencen clusters. A deficieny of faint red galaxiesis obsered comparedo
Comain all four clustersstudied,despiteof the variety of clusterproperties. The red luminous
galaxiesarealreadyin placeontheredsequencatz ~ 0.8, while a significantfractionof thefaint
galaxieanusthave stoppedormingstarsand,consequentjymovedonto theredsequencatlower
redshifts.A downsizingeffectis alsoobseredanalyzingthe post-starbrstpopulationsn clusters:
the maximummassof post-starbrst galaxiesavolveswith z, beinghigherin distantclusterg(Tran
etal. 2003,Poggiantiet al. 2004). The fraction of SO galaxieswith recentstarformationin the
Comaclusteris higherat fainterluminosities(Poggiantiet al. 2001b),which is consistentwith
thembeingthe descendantsf typical starforming spiralsatintermediateedshift(seeSec.2.1).

Theseresultsand mary othershave shavn that the star formation history of a galaxy (in
clustersandin the field) depend®n averagestronglyon the galaxymass(seealsoKauffmannet
al. 2003,2004,Baloghetal. 2004b).Anotherimportantaspecis whetherthe mass distribution of
galaxiesvarieswith redshift. The stellarmassfunction, tracedby the K-bandluminosityfunction,
hasbeenshavn to evolve very little at the bright end in clustersbetweerz = 1 andz = 0: Kodama
& Bower (2003)find anevolutionwhichis consistentvith passie evolution, andinconsistentvith
semi-analytianodelsthatpredictinsteadanincreasen thecharacteristienassof afactor> 3 over
the sameredshiftrange(Fig. 6). This resultis in agreemenwith the evolution of K* foundin a
clusterat z= 1.2 by Toft etal. (2004),who alsofind a strongevolution of the faint end of the
K-bandluminosity function: the fraction of low massgalaxiesappearsnuchlower in this cluster
atz= 1.2 thanin clustersatz= 0.

3. Local universe

In the previous sectionswve have dealtwith the evolution of galaxymorphologiesstarform-
ationactvity andmasseslIn this sectionl wantto mentiona coupleof resultsestablisheabser
vationallyatlow redshifts regardinggalaxypropertiesandtrendswhoseevolution with redshiftis
still unknavn: the StarFormation-DensityfSFD) relation,andthe gasandstarformationdistribu-
tionswithin galaxies.

It hasbeenknown for alongtime thatin the nearbyUniversealsothe averagestarformation
actwity correlatesvith thelocaldensity:in higherdensityregions,themeanstarformationrateper
galaxyis lower. Thisis not surprisinggiventhe existenceof the MD relation: the highestdensity
regionshave proportionallymoreearly-typegalaxiesdevoid of currentstarformation.

Interestingly the correlationbetweenmeanSF and local densityextendsto very low local
densitiescomparabldo thosefound at the virial radiusof clusters,andsucha correlationexists
alsooutsideof clusterqLewis etal. 2002,Gomezetal. 2003;seealsoGrayetal. 2004shaving for
thefirst time aninterestingrelationbetweerthe starformatinactvity andthe dark matterdensity
field measuredy weakgravitational lensing). Again, this seemgo parallelthe factthatan MD
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Figure 5: FromDe Luciaetal. 2004. Left. Colormagnitudediagramsof four clustersatz= 0.7 — 0.8
from the ESO DistantClusterSurwey. Histogramsrepresenthe magnitudedistribution of galaxieswithin
3o from thered sequenceRight. The magnitudedistribution of red sequencealaxiesatz ~ 0.75 (top) is
comparedvith the oneof red galaxiesin the Comacluster(bottom). High-z clustersexhibit a cleardeficit
of low-luminosity passve red galaxiescomparedo Comaandothernearbyclusters.

relationis probablyexisting in all ervironments~thoughit is not the samein all ervironmentsas
discussedn Sec.2.1.

A variationin themeanSF/galaxywith densitycanbe dueeitherto adifferencen thefraction
of star-forming galaxies, or in the star formation rates of the starforming galaxies,or a combin-
ation of both. In arecentpaper Baloghet al. (2004a)have shavn that the distribution of Ha
equialentwidths (EW) in starforming galaxiesdoesnot dependstrongly on the local density
while the fraction of starforming galaxiesis a steepfunction of the local density in all erviron-
ments. Again, a dependencen the global ervironment is obsered, in the sensehat, at a given
local density the fraction of emission-linegalaxiesis slightly lower in ervironmentswith high
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densityonlarge scaleg~ 5 Mpc) (but seeKauffmannetal. 2004for anoppositeresult). Basedon
this, the authorsconcludethatif somephysicalmechanisnmswitchesoff the starformationwhen
a galaxyentersa denserenvironment,it mustdo soon a shorttimescalejn orderto presere the

shapeof the EW(Ha) distribution.

Thefactthatarelationbetweerstarformationanddensityis obsered alsooutsideof clusters
hasoftenbeeninterpretecasa signthatthe environmentstartsaffectingthe starformationactivity
of galaxiegprovoking a declinein starformationin galaxieghatif isolatedwould continueform-
ing stars)atrelatively low densitieswhena galaxybecomegpartof agroup,andstrangulatiorhas
traditionally beeninvoked asthe culprit. On the otherhand,this appearsn conflict with the fast
timescaleequiredfor exampleby theHa andcolor studiesmentionedabove (Baloghetal. 20044,

2004b).

Personally| believe that the existence of sucha correlationis more probablythe result of
a correlationbetweeninitial conditions(galaxy massand/orlocal ervironmentvery early on, at
the time the first starsformedin galaxies)andtype of galaxy formed. The exact shape of the
correlation,instead,is probablyinfluencedby transformationdiappeningn galaxieswhenthey

enteradifferentenvironment.

3.1 Gascontent and gas/SF distribution within galaxies

In orderto understanadvhathappendo galaxiesin clusterstwo crucial piecesof information
are 1) the gascontentof clustergalaxiesand?2) the spatialdistribution of the gasandof the star

formationactiity within eachgalaxy

It hasbeenseveral yearssinceit becamesvidentthatmary spiralsin clustersaredeficientin
HI gascomparedo similar galaxiesin thefield (Giovanelli & Haynes1985,Cayatteetal. 1990,
seevanGorkom 2004for areview). Most (but notall) of the HI deficientspiralsarefoundatsmall
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distancedrom the clustercentre. In the centralregionsof clustersthe sizesof the HI disksare
smallerthanthe optical disks,and a spatialdisplacemenbetweenthe HI andthe optical occurs
in seseral casegBravo-Alfaro et al. 2000). The fraction of Hl—deficientspiralsincreasegoing
towardstheclustercentreandacorrelationis obseredbetweerdeficieny andorbital parameters:
moredeficientgalaxiegendto beonradialorbits(Solanestal. 2001).

All of thesefindingsstronglysuggesthat ram pressurestripping,or at leastgasstrippingin
general,plays an importantrole. On the other hand,the work from Solaneset al. (2001) has
unexpectedlyshavn thatthe HI deficieng is obsered outto 2 Abell radii. This resulthasraised
the questionwhetherthe origin of the HI deficieny in the clusteroutskirtscanbe consistentvith
the ram pressurescenaricandwhethercanbe simply dueto effectssuchaslarge distanceerrors
or reboundingatlarge clustercentrialistance ®f galaxieghathave gonethroughthe clustercenter
(Balogh,Navarro & Morris 2000,Mamonetal. 2004,Mooreetal. 2004,Sanchisetal. 2004).
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Figure 7: FromKoopmann& Kenng 2004. MedianHa radial profilesfor galaxiesgroupedin different
classesccordingo theirHa distribution. Thefirsttwo panelsshawv profilesthatcanbeconsiderednormal”
(reproducedlsoin otherpanels).Truncatedanemicenhancedlassesreshavnin all the otherpanels.

Recentworks have yieldeda censusof the spatialdistribution of the starformation (as ob-
senedin Ha emission)within clustergalaxies. Theseworks have shavn thatthe majority of the
clustergalaxieshave peculiarHa morphologiescomparedo field galaxiegMoss& Whittle 1993,
2000,Koopmann& Kenng 2004,Vogt et al. 2004). More thanhalf of the spiralsin the Virgo
cluster for example,have Ha radial profilestruncatedrom a certainradiuson, while othershave
Ha suppressethroughouthe disk, andin somecasesgnhancedFig. 7) (Koopmann& Kenneg
2004). On a sampleof 18 nearbyclusters,similar classef objectsare obsered: spiralswith
truncatedHa emissiomandHI gasontheleadingedgeof thedisk; spiralsstrippedof their HI with
their starformationconfinedto theinnerregions;andquenchedpirals,in whichthestarformation
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is suppressethroughoutthe disk (Vogt et al. 2004). From theseworks, gasstrippingappearsa
very importantfactorin determiningooththe gascontentandthe starformationactiity of cluster
spirals,thoughtidal effectsarealsofoundto be significant(Moss& Whittle 2000, Koopmann&

Kenng 2004). Spiralsin clustersthusappearto be heaily affectedby the environment,andto
be obseredin differentstagef their likely transformatiorfrom infalling starforming spiralsto
clusterSOs.

It is apparentlyhardto reconcilethe peculiarHa morphologiesof spiralsin nearbyclusters
with thefactthatthe distribution of Ha equivalentwidths (EWs)for blue galaxiesn the 2dFand
Sloandoesnotseento vary significantlyin clustersgroupsandfield (Fig. 9 in Baloghetal. 2004).
This apparentontradictiorstill avaitsanexplanation.

4. Observations ver sus galaxy formation and evolution models

By now, mostlythanksto thescientificdebateof thelatestyears,t is widespreadvisdomthat
we areinvestigatinga three-dimensionapace whoseaxis areredshift, environmentand galaxy
mass. In fact, the evolutionaryhistoriesand,in particular the starformationactvity of galaxies
have similar (increasingrendsasa functionof (higher)redshift,(lower) galaxymassand(lower)
density/mas®f the ervironment. While obserationally we arebeginningto fill this 3-parameter
spacethegreattheoreticathallengds to helpcomprehendrom a physicalpoint of view why this
is thehistoryof our Universe.

Given the topic of this Schoolandmeeting,| think it is appropriateo summarizevhatare
the mostimportantobsenrationalfindingsfor simulationsand modelsto address.Theorycanbe
fundamentato:

1. explaintheorigin of theMorphology-Densityelation;explainthecauseof its evolution with
redshiftandthereasorof its variationwith environment;

2. reproducehe starformationhistory of galaxiesasa functionof the ervironment,in partic-
ular: the SFincreasewith lookbacktime, the existenceof post-starbrst galaxiesn clusters,
theorigin and(predictthe)evolution of the SF-Densityrelation

3. reproduceandexplaintheorigin of the downsizingeffect andthe history of massassembly

Hierarchicalsimulationsshav a correlationbetweencolor/morphologyanddensitywhich is
in qualitative agreementvith obserations(Kauffmannet al. 1999, Bensonet al. 2001,andin
prep.,Diaferioetal. 2001,Springeletal. 2001)andwith the ButcherOemlereffect (Bower 1991,
Kauffmannetal. 1995a,1995b).

Let’s take asexamplethe morphology-densityelation: a morphologicakegregationis a pre-
diction of CDM simulationsof large scalestructureand semi-analyticnodelsbecausehe local
densityof galaxiesandDM s relatedto the epochof initial collapse:the mostmassie structures
at ary epocharethe earliestthat collapsed. Even modelsthat only include meigersand ngglect
ary otherenvironmentalprocessobtaina trendin qualitative agreementvith the MD relation: a
morphologicakeagregationis built-in at a very fundamentalevel in hierarchicakheoriesof galaxy
formation.
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However, all modelsfail to reproducehe SOpopulation(which, it is worth reminding,repres-
ents40% of the galaxypopulationf rich clustersatlow z), recognizinghatadditionalprocesses
seemto berequired(Diaferioetal. 2001,Springeletal. 2001,0kamoto& Nagashim&001,2003,
Bensoretal. in prep.).

Anothergoodexamplearetheearly-typegalaxies Obsenrationspointto avery heterogeneous
evolution for thosegalaxiesthat today are passie red early-typegalaxiesin clusters,but not in
the sensenaively expectedfrom models: the massie ones(for which megersshouldbe more
importantaccordingto models)obserationally appeartruly old andhomogeneousilt is by now
establishedy an overwhelmingnumberof obserationsthat the more massie galaxiesare,the
older they are, thusthat the age of galaxieshave an anti-hierarchicabehaiour with mass. At
this meetingwe have heardseverallecturesandtalks remindingus of this obserationalevidence
and of galaxyformationand evolution modelsreproducingthis anti-hierarchicakvolution with
opportuneassumption¢seee.g. Daneses andCristiani’s contritutionsto theseproceedingsChiosi
& Carraro2002).As we have seenin Sec.2.2the massassemblyof galaxiesn clustersis another
field whereuntil now thereis a mismatchbetweernrmodelsand obserations. But the comparison
betweengalaxy modelswithin a CDM scenarioand obserationsof galaxiesin clustersis still
largely unprobederritory, andafruitful interplaycanbeexpectedn thecomingyearsaspromised
by the progresshawvn at this meeting.
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