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GALAXY FORMATION AND EVOLUTION  vs
PRECISION COSMOLOGY   &  CMB  ANISOTROPY

Do LSS  &  galaxies form from the
primordial density inhomogeneities?



OBJECTIVE

Understanding  the physical patterns involved into the 
assembly of  galaxies  in  a cosmological context

First Principles

Theory
Simulations

Models

DATA:  Snapshots

Virtual Objects:  
Snapshots &  Movies

Scenario for Formation and
Evolution

Observing Strategies



SPIRAL   GALAXY  SPIRAL   GALAXY  (Martínez(Martínez--Serrano et al.)Serrano et al.)



GALAXY FORMATION  IN  A COSMOLOGICAL  GALAXY FORMATION  IN  A COSMOLOGICAL  
CONTEXT:   STEPSCONTEXT:   STEPS

1.1.-- CosmologicalCosmological ModelModel; ; AdhesionAdhesion ModelModel
2.2.-- Halo Halo FormationFormation & & StatisticsStatistics
3.3.-- Gas Gas PhysicsPhysics &  &  ThermodynamicsThermodynamics
4.4.-- Gas Gas AcumulationAcumulation & & StarStar FormationFormation

((aboutabout 1 1 kpckpc))
5.5.-- Short Short ScaleScale StellarStellar ProcessesProcesses + BH+ BH
6.6.-- Metal Metal EnrichmentEnrichment + + DiffusionDiffusion

INTRINSIC  OBJECTINTRINSIC  OBJECT
7.7.-- ObservationalObservational ManifestationManifestation

1, 2, 3: Large Scale, from FP
5, 6, 7: Require Models

4  : KEY STEP:  models, numerical



WHAT  SIMULATIONS   DO FOR YOU   WHAT  SIMULATIONS   DO FOR YOU   
nn FollowFollow massmass densitydensity evolutionevolution underunder gravitygravity

andand hydrodynamicshydrodynamics
nn Gas  Gas  accretionaccretion ontoonto protoproto--galaxiesgalaxies
nn Gas  Gas  coolingcooling andand heatingheating
nn Gas Gas accumulationaccumulation patternspatterns atat shortershorter scalesscales

coupledcoupled evolevol. . OfOf LSS, LSS, galaxiesgalaxies, gas , gas accumulationaccumulation

+ MODELS 
Star Formation, BHs, Metal enrichment

At shorter scales (< 1 kpc),  MHD
ISM  Structuration, turbulence, MFs; IMF



FORMACIÓN  de UNA  ELÍPTICAFORMACIÓN  de UNA  ELÍPTICA

GAS y ESTRELLAS MATERIA  OSCURA



OBSERVATIONAL  CLUES  (GALAXIES)  OBSERVATIONAL  CLUES  (GALAXIES)  

nn StructureStructure andand DynamicsDynamics
nn SFRH  =  SFRH  =  ageage distributiondistribution forfor differentdifferent

populationspopulations
nn MorphologyMorphology
nn StatisticsStatistics: : numbernumber countscounts, , LFsLFs, …, …
nn Metal Metal DistributionDistribution

nn Global  SFRHGlobal  SFRH
nn Global Background Global Background RadiationRadiation



STILLL   MISSING   OBSERVATIONAL  PIECES STILLL   MISSING   OBSERVATIONAL  PIECES 
(GALAXIES)(GALAXIES)

nn ResolveResolve extragalacticextragalactic background (background (CoppinCoppin et al. 06et al. 06) ) 
nn ObscuredObscured SF SF atat highhigh z?z?

nn CensusCensus:  :  SpheroidsSpheroids; ; ULIRGsULIRGs etcetc

nn Compare Compare lowlow andand highhigh z z ULIRGsULIRGs ((gas gas andand dustdust distributiondistribution; ; physphys. . conditionsconditions; ; 
kinematicskinematics; ; TacconiTacconi et al 06; et al 06; GenzelGenzel 0303))

nn DryDry//wetwet mergersmergers censuscensus

nn SB SB evolutionevolution: : ModerateModerate luminousluminous populationpopulation peakingpeaking atat z = 1?z = 1?

nn TheThe SB SB –– AGN connection as a function of z, luminosity, environmentAGN connection as a function of z, luminosity, environment

nn DustDust fractionfraction as a as a functionfunction ofof z etc.z etc.

nn GalaxyGalaxy desertdesert



SOME  OPEN  QUESTIONSSOME  OPEN  QUESTIONS

nn TheThe HubbleHubble typestypes
MassiveMassive SF SF atat highhigh zz
DownsizingDownsizing: how : how toto stop SF in stop SF in massivemassive galaxiesgalaxies
Angular Angular momentummomentum

nn DwarfsDwarfs as as buildingbuilding blocksblocks

nn Do Do massivemassive galaxiesgalaxies andand theirtheir central central BHsBHs formform
throughthrough thethe samesame processesprocesses??

nn MissingMissing baryonsbaryons andand metalsmetals



SOME  MISSING  CLUES  IN SF  SOME  MISSING  CLUES  IN SF  
ENVIRONMENTSENVIRONMENTS
CONFIRM:CONFIRM:

nn MultiphaseMultiphase charactercharacter ofof thethe ISMISM
nn ScalingScaling RelationsRelations
nn IMF IMF 
nn DustDust

Simple  laws underlie complex processes?



HERSCHELHERSCHEL

G&SG&S F   SCENARIOF   SCENARIO

WHAT  WILL  WE  LEARN  FROM HERSCHEL WHAT  WILL  WE  LEARN  FROM HERSCHEL 
et al. et al. 



LARGE   SCALES  &  TIMESLARGE   SCALES  &  TIMES

nn GalaxyGalaxy surveyssurveys: : SEDsSEDs, z , z distributiondistribution, …, …
nn GalacticGalactic & & ExtragalacticExtragalactic broadbandbroadband

photometricphotometric surveyssurveys in in thethe FIRFIR--submmsubmm:  E :  E 
+ + bulgebulge atat t/tu < 1/3t/tu < 1/3

nn CharacterizingCharacterizing thethe bolometricbolometric luminosityluminosity
densitydensity ofof thethe UniverseUniverse atat highhigh zz

nn BrightestBrightest coolingcooling lineslines ofof thethe MIS: MIS: physicalphysical
processesprocesses andand energyenergy productionproduction
mechanismsmechanisms in in galaxiesgalaxies



SF    ENVIRONMENTS (1 SF    ENVIRONMENTS (1 kpckpc)  )  
nn StellarStellar/ISM /ISM lifecyclelifecycle ((physicsphysics & & chemistrychemistry))

nn MassMass andand LuminosityLuminosity FunctionFunction forfor complete complete 
samplessamples ofof thousandsthousands ofof cold cold condensationscondensations downdown
toto thethe protoproto--brownbrown dwarfdwarf regimeregime ((firstfirst time)time)

nn LargeLarge spatialspatial dynamicaldynamical rangerange: dense : dense corescores andand
protoclustersprotoclusters withinwithin cloudcloud complexescomplexes

nn DustDust propertiesproperties withwith anan unprecedentunprecedent detaildetail
Spatial hierarchy

SF   in  different environments



THEORY  AND  SIMULATIONSTHEORY  AND  SIMULATIONS

OBSERVATIONSOBSERVATIONS

WHAT  SIMULATIONS CAN  DO  FOR  YOUWHAT  SIMULATIONS CAN  DO  FOR  YOU



GALAXIES GALAXIES 
ComplementaryComplementary informationinformation: 3D, : 3D, 

dynamicsdynamics, , assemblyassembly
Intrinsic objects:
mass & velocity distributions
stellar age distributions
gas properties
metallicity
. . .

Movies:
mass assembly
SF
. . .



SOME  ACHIEVMENTS  SOME  ACHIEVMENTS  

nn MassMass assemblyassembly: : twotwo dynamicaldynamical phasesphases
(Salvador(Salvador--SoléSolé 04; 04; ZhaoZhao et al. 03; et al. 03; OñorbeOñorbe et al. 06) et al. 06) 

nn DecouplingDecoupling SF SF andand MassMass AssemblyAssembly (Lucia et al (Lucia et al 

05; DT et al 06)05; DT et al 06)

nn RealisticRealistic Local Local ObjectsObjects
Census spheroids, mergers, QSO
Metallicity at high z



MassMass AggregationAggregation TreesTrees atat
FixedFixed RadiiRadii:  :  TwoTwo PhasesPhases

V: Old Object in a Young Universe
O: Cimatti et al. 2004; Mobasher et al. 2006

V: Dry Merger
O: Conselice et al. 2005



THE FP AND ITS LACK OF EVOLUTION (Oñorbe el al. 06, 07)

(Van Dokkum et al. 2001; Treu et al. 2005; di Serego-Alighieri et al. 2005)

ELO stellar masses, projected half- stellar mass radii, and stellar central l.o.s. velocity 
dispersions define a dynamical Fundamental Plane (FP), consistent with observations. 
The physical origin of the FP  lies in the systematic decrease, with increasing ELO mass, 
of the relative amount dissipation experienced by the baryonic mass component along 
ELO mass assembly. This result hints to a possible way to understand the tilt of the 
observed FP in a cosmological context.    

Edge-on projection (top panel) and 
nearly-face-on projection (bottom 

panel) of the dynamical FP of ELOs in 
the kappa^{D} variables (Bender et al. 

1993). We also draw the respective 
concentration ellipses (with their 

major and minor axes) for the SDSS 
early-type galaxy sample from 

Bernardi et al. (2003) in the z-band.

BLACK:  z=0
GREEN: z=1
BLUE: z=1.5



AGE  EFFECTS   IN ELLIPTICAL  STELLAR  POPs

More massive ELOs have older  means and narrower spreads in their stellar age 
distributions than less massive ones, in consistency with observations.
These correlations hint, for the first time, at a possible way to reconcile age effects in
ellipticals, and, particularly, the increase of  a /<Fe> ratios with  s los,0 ,  with the
hierarchical clustering paradigm.

(a) Age of the universe in 
units of the  actual 

universe age at which the 
50  per cent    of the total 
ELO stellar mass at z=0 

was already formed, 
versus their 

corresponding  stellar 
central l.o.s. velocity 

dispersion.
(b) Same as (a) for the 

width of the stellar 
population age 

distribution. Crosses 
are width estimations 

from  elliptical  data.



MORE   SPECIFICALLYMORE   SPECIFICALLY

FORMATION   AND   FORMATION   AND   
EVOLUTIONEVOLUTION



ANCESTORS   &  DESCENDENTSANCESTORS   &  DESCENDENTS

nn EllipticalsEllipticals
nn QSOsQSOs
nn ModerateModerate L L PopulationPopulation atat z     1z     1



MASSIVE   E   FORMATION: THE MASSIVE   E   FORMATION: THE 
STELLAR   COMPONENT  STELLAR   COMPONENT  

Color code:  steller age



ULIRGsULIRGs
nn CollapseCollapse versus   versus   MergerMerger EventsEvents
nn DetailedDetailed AnalysisAnalysis ofof MergersMergers (z, (z, 

environmentenvironment, , massmass))
nn MergerMerger StatisticsStatistics
nn DryDry vsvs WetWet MergersMergers: : ObservationalObservational
CharacterizationCharacterization

ARE  LOCAL  ARE  LOCAL  ULIRGsULIRGs =  HIGH  z  ONES?=  HIGH  z  ONES?

Gas Gas accumulationaccumulation prior prior toto energyenergy productionproduction
triggeringtriggering



VIRTUAL    MERGERS VIRTUAL    MERGERS (DT et al. 07)(DT et al. 07)

DRY:  Local             SB: High z
O: Bell et al. 2005; Conselice et al. 2005



INTRINSIC  INTRINSIC  SFRsSFRs
nn VsVs zz
nn VsVs environmentenvironment
nn MetallicityMetallicity dependencedependence
nn VsVs morphologymorphology

nn Global Global SFRsSFRs

nn GAS GAS acquisitionacquisition
nn SF SF inhibitioninhibition in in richrich environmentsenvironments: : 

downsizingdownsizing



VIRTUAL SFRH  & DISIPATION  RATE     
HISTORY  (DT et al. 06)

Most dissipation involved in ELO assembly takes place at an early violent phase (z>1.5 -
2) and results in the FP formation  and the transformation of most of the available gas 
into stars.
In the subsequent quiescent phase, ELO stellar mass growth preferentially occurs 
through non-dissipative processes, so that the FP is preserved and the SFR  considerably
decreases. 

A possible way of explaining, in the context of cosmological  simulations, different recent 

apparently paradoxical observational result on ellipticals, i.e., DOWNSIZING

GREEN:  SFRH of a  massive ELO 
as  a function of universe age

RED: Cooling RH

BLACK: Merger Aggreg. Tree

O: Bell et al. 2004; Bundy, Ellis 205;
Faber et al. 2006  



BUILDING  BLOCKSBUILDING  BLOCKS

nn MassMass AssemblyAssembly
nn DissipationDissipation

MergingMerging ScenarioScenario::

ARE  TODAY  DWARFS  THE  BUILDING ARE  TODAY  DWARFS  THE  BUILDING 
BLOCKS  OF  ADULT  GALAXIES?BLOCKS  OF  ADULT  GALAXIES?



AND  AT  1  AND  AT  1  kpckpc SCALESSCALES



SOME  ACHIEVMENTS  AND  FUTURESOME  ACHIEVMENTS  AND  FUTURE

nn TheThe StructurationStructuration ofof thethe ISMISM
nn SomeSome hintshints onon thethe role role ofof turbulenceturbulence

Scaling Laws?
Universality?

What powers the turbulent cascade?



GALERÍA  OBJETOS  GALERÍA  OBJETOS  
VIRTUALESVIRTUALES



GALAXIAS ELIPTICASGALAXIAS ELIPTICAS

O: van Dokkum 2003; Menanteau et al. 2004



GRUPOS  DE  GALAXIASGRUPOS  DE  GALAXIAS

Galaxias, enanas, gas difuso, DM



GAS  DIFUSO EN GRUPOSGAS  DIFUSO EN GRUPOS



Objetos galácticos Extremadamente Rojos            
(EROs)

GALAXIAS VIEJAS EN UN 
UNIVERSO JOVEN (Cimatti y 
col.,  2004; Mobasher et al. 2006) 
Masas ~ Masa elípticas cercanas o actuales

Sus estrellas se formaron cuando la edad del Universo 
era un décimo de la edad actual

FORMAS: esferoides relajados

Menos abundantes que las elípticas actuales

t/tU = 0.28, 0.24

VIRTUAL
t/tu =0.15


