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Useful to constrain cosmological parameters

Useful to constrain the physics of galaxy formation
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Galaxy-6Group Catalogues

Eke et al. 2004; Yang et al. 2005, 2007, 2008, 2009; vdB et al. 2008;
Weinmann et al. 2006a,b; Pasquali et al. 2010, 2012; Wetzel et al. 2012

Galaxy Clustering

Jing, et al. 1998; Peacock & Smith 2000; Berlind & Weinberg 2002; Zheng 2004;
Yang, Mo & vdB 2003; vdB, Yang & Mo 2003; Tinker et al. 2005; vdB et al. 2007

Satellite Kinematics

Zaritsky & White 1994; McKay et al 2002; Prada et al. 2003; vdB et al. 2004;
Conroy et al. 2005; Norberg, Frenk & Cole 2008; More et al. 2009, 2011;

Galaxy-6Galaxy Lensing

Guzik & Seljak 2002; Seljak et al. 2005; Mandelbaum et al. 2006; Yoo et al. 2006
Cacciato et al. 2009; van Uitert et al. 2011; Leauthaud et al. 2012;

& Sub-Halo Abundance Matching

Vale & Ostriker 2004, 2006; Conroy et al. 2006; Shankar et al. 2006; Conroy &
Wechsler 2009; Moster et al. 2010; Behroozi et al. 2010; Wetzel & White 2010

Frank van den Bosch Yale University



Frank van den Bosch Yale University



—— - S e S - g = _—————

Due to great advances in data, we now have
a robust, statistical description of the
galaxy-dark matter connection...

Frank van den Bosch Yale University



' cosmological parameters }

( halo merlger- trees \ dynamical fr'iCTion

—\
\ QG'GXY mergers I stor bursts
stor formation N |0, o mation ) l
i e isk formation "4 sp

chemical evolution l

/—\
dust extinction | observable galaxy properties ]

stellar populaTions

Frank van den Bosch Yale University






Stellar Mass Functions Projected Correlation Functions

Model: SAM of Guo et al. (2011)
Data: Marchesini et al. (2009)
Perez-Gonzales et al. (2008)
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Neither SAMs nor SIMs reproduce assembly histories of low mass galaxies
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Despite a large number of free parameters,
SAMs & SIMs fail to reproduce even the most
basic observables of the galaxy population...

ask Google for help I
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Despite a large number of free parameters,
SAMs & SIMs fail to reproduce even the most
basic observables of the galaxy population...

Back to the drawing board I
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can we consbruct self-consistent
models for stellar mass assembly
of qgalaxies in dark matter halos
that are consistent wikth

1) the data
2) the LCDM paradigm 277

i ‘3@.5’ ; what does it tell
us about galaxy formation?
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data ®(M,, z)

model (I)C(M* ‘Mh, Z)
H’IQOI"Y Mh(Z|Mh,O)

model & (M, |M,, 2)
model M, .(z|Muy.)
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if At <atygs(m,M,z,n)

otherwise

(¢ " satellite disruption’ parameter
C " satellite mass growth' parameter
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=0 --> no sats
= --> no evolution

fit to ®(M,) + 2PCF
fit to ®P(My) + D(M4|M,z=0)
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=0 --> no sats
x=o0 --> no evolution

fit to (M) + 2PCF
fit to ®(Mx) + D(M4|M,z=0)
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best-fit value for
c~0.95 +/-0.05
indicating that sats
continue to grow in
stellar mass after
accretion, in excellent
agreement with recent |
results by
Wetzel et al. (2012)

| E————

=0 --> no sats
= --> no evolution

fit to ®(M,) + 2PCF
fit to P(My) + P(M4|M,z=0)
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Empirical models can easily fit all available

data with only a modest set of free parameters
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® this does not make the model unphysical

® empirical models are not inhibited by restricted parameterizations of
physical processes that are poorly understood

® empirical models are not the end-goal; they are first step in two-step
‘reverse engineering’ approach

® empirical models “translate” opague data into a language more directly |
interpretable in framework of galaxy formation ’
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Empirical models can easily fit all available
data with only a modest set of free parameters

What insights can we gain regarding the
physics of galaxy formation?
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Behroozi+l

Empirical models show that the majority of stars form in dark
matter halos with 10! Msun < Mnaio < 102 Msun around z ~ 1 - 2.
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Yang et al. (2013)
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Courtesy: P. Duc |

Pasquali+10
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Virtually all star formation occurs in halos in narrow
range of halo mass (10" < My < 10%)

Merging is irrelevant, except for most massive galaxies

Satellite disruption is utterly important
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Model

Central galaxies form stars according to SFR[Mh,z]

Satellite galaxies merge with centrals a time t4f[Ms/Mn,z] after accretion.

At time of merger, a fraction fic. of satellite stars go to stellar halo.

Method

Construct a set of halo merger trees

.

Propragate model through merger frees

v

Compare model . , Change model
with data | | parameters

Posterior Distribution of Model Parameters
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Empirical models can easily fit all available
data with only a modest set of free parameters
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enhanced SF efficiency
at high z in low mass halos

Upturn at faint end in cluster LF requires a boost of SF efficiencies
in low mass halos, but only at high redshift (z> z. ~ 2)
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Data suggests dramatic change in star formation
efficiency in low mass halos around Z-2

Frank van den Bosch Yale University



® Due to great advances in data, we now have an accurate,
statistical description of the galaxy-dark matter connection.

Empirical modeling, based on halo occupation models, is able to
accurately fit all existing data regarding the abundances of
galaxies across cosmic time.

® These models suggest an extremely simple M. [M,, 2]

e Surprisingly; SAMs, with all their freedom, seem unable to
produce such a M, [M,,, 2] are they missing relevant physics?

Data on dwarf galaxies suggests a new, characteristic epoch
in galaxy formation: star formation becomes strongly suppressed
in low mass halos ( M}, < 10"~ ' M) around z~2.

What is cause of this transition? Preheating by TeV blazars?
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