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SAM Basics

Semi-Analytical Models (SAMs) for galaxy formation are phenomenological models that
use approximate, analytical descriptions to describe the various processes relevant
for galaxy formation in order to make predictions that can be compared to observations.
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SAM Basics
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SAM Basics

Currently there are many different SAMs available in the literature, all with different
treatments of different physical processes....

Model
Feature DurHAM MunicH SanTa-Cruz MORGANA GALIcs
Merger Trees
— Analytic Modified ePS ePS ePS PmNocchio X
— N-body v v v X v
Halo Profiles Einasto Isothermal NFW NFW Empirical
Cooling Model
— Metal-dependent v v
Star Formation ve v
Feedbacks
— SNe v
— AGN v
— Reionization v
Merging
— Substructure
— Substructure—Substructure
Environments
— Ram Pressure Stripping
— Tidal Stripping
— Harassment
Disks
— Disk Stability
— Dynamical Friction?
— Thickness
Sizes
— Adiabatic contraction v X v v
Chemical Enrichment v [delayedm] v [instant®] v [delayed®®]  [instant] v [delayed?!]
Dust GRASIL Screen Slab GRASIL Slab

16

7

Source: Benson 2010, Physical Reports, 495, 33
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Currently there are many different SAMs available in the literature, all with different
treatments of different physical processes....

And each " individual' SAM is constantly being updated/expanded/modified...

A 1.5hr lecture can't possibly do justice to the immense amount of work done on and with
SAMs. Furthermore, a comparison among different models is largely meaningless...

Instead, we will focus on the basic structure of SAMs, discuss the treatment of some
of the main ingredients (cooling, SF, feedback, dynamical friction), and examine the
current status of some of the models, focussing only on

R —

e
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Reionization

The fraction of baryonic matter that is bound to a dark matter halo is requlated by
the potential depth and the pressure of the baryons.

When the Universe reionizes, the temperature and thus the pressure of the baryons
increases. This results in a strongly reduced baryon fraction in low mass halos.

Okamoto et al. (2008) used hydro simulations to study the impact of reinization
imposing a uniform, ionizing background as computed by Haardt & Madau (2001).

Zreion—2.0

10° 107 10® 10°10'10" 10107 10® 10°10'10" 10° 107 10® 10°10'10"
M (h™ M) M (h™' Mg) M (h™ Mg)

Source: Okamoto et al. 2008, MNRAS, 390. 920,
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Reionization

The fraction of baryons that remains bound to their
halos is well fit by the following functional form,
first introduced by Gnedin (2000):

(i)

Here M. (z) is the (redshift-dependent),
characteristic mass at which half the baryons are
photo-evaporated from their host halo..

—3/2

fo(M.2) = o

@ reference
* high—resolution

In the simulations of Okamoto et al. (2008), in which
reionization occurs at z=9, the characteristic mass
increases from ~10% M. shortly after reionization,
to ~7 x 10° Mo at z=0.

Latter corresponds to a virial velocity of ~25 km/s

Source: Okamoto et al. 2008, MNRAS, 390. 920,
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Accretion Shocks & Virial Temperature

When infalling gas passes the halo's accretion shock, its kinetic energy is thermalized,
and therefore heated to of order the virial femperature

2
UMy 9 5 Vvir

M = V2 ~3.6x10°K
2kn " 5 (100 km/s)

where we have assumed that dark matter halos are singular isothermal spheres, and
we have adopted that ;1 = 0.59, appropriate for a primordial gas (X,Y,Z) = (#,%.,0)

CAUTION: in general, gas inside halo ha
. T-profile, and cannot be described by h
single T. Nevertheless, concept of Ty is
' useful for order of magnitude estimates, |
and is therefore frequently used. |
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The build-up of a virial shock (discontinuity
in velocity) at around the virial radius in a
collapsing structure. Based on 1D

time [Gyr] calculations in an expanding Universe...
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Radiative Cooling

The primary cooling processes relevant for galaxy formation are two-body radiative

processes in which gas loses energy through the emission of photons as a consequence
of two-body interactions. The main processes are:

Type reaction hame
1 free-free e+ X =>e + X +y bremsstrahlung
2 free-bound e+ X =>X+y recombination
3 bound-free e+ X=> X" +2e FOH,'S'O,HGI
lonization
4 o a— e+ X—>e +X collisional
—>e-+ X+Yy excitation

In order to compute the cooling rate, one needs to know the above reaction rates, as
well as the number densities of the various ionic species. In the case of a pure H/He
mixture (the simplest, relevant case), these are ne, nH,, N1+, NHey > NHet s NHet++

One typically makes the following two assumptions:

z—: gas is optically thin (i.e., Case A recombination; all photons generated escape) \:

L O collisional ionization equilibrium (CIE; number densities are in equilibrium)

——

.|
© Frank van den Bosch: Yale 2012
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It is useful to define the cooling function:

1 Cm-I-S

which depends on the temperature, T, and composition (metallicity Z) of the gas, but
not on its density, and where C is the volumetric cooling rate (in erg/s/cm?3)

The cooling time, the time it takes the gas to radiate away its internal energy, is

given by

t

_ PE _

3N kBT

cool — —
C 2niAT)

* denser gas cools faster...

To assess impact of cooling, compare cooling tfime to two other timescales:

S —
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O the age of the Universe, which is roughly the Hubble time
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Cooling Time

ﬁsys ~ 20015 9 b ~ tH/lo

We distinguish three regimes:

Cooling is not important. Gas is in hydrostatic equilibrium, unless
w it was recently disturbed

System is in quasi-hydrostafti im. It evolves on cooling
time scale. Gas contrgcs ~cools, but system has

et i ~1 -3 cooling is more ,
tcool X Pgag X (1 + 2) J overcooling

efficient at
i’ nigher redshifts i’

problem
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The CIE Cooling Function
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Cooling & Galaxy Formation

Under the assumption of CIE, we can compute boool _ Teool (n, T, Z)

b b

(tcool — tff)

(0 = 200)
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Cooling & Galaxy Formation

Mygas = 0.15My;; ™ Myip ~ 6.6 M

© Haloes with M, < 10" Mg (Viir < 20km/s)
can't cool their gas (except by molecular cooling...)

© Haloes with M., > 10" M (Z = 0)
My > 1013M@(Z e Z@)
can't cool their gas efficiently either...

In early papers (and textbooks) on galaxy formation, this mass scale of 10'2 — 103 M/,
was invoked to exlain the exponential cut-off in the luminosity/stellar mass function of

galaxies; more massive galaxies can't form because they can't efficiently cool their gas...
(e.g., Binney, 1977, ApJ, 215, 483; Silk, 1977, ApJ, 211, 683; Ostriker & Rees, 1977, MNRAS, 179, 541)

However, this argument is seriously flawed for two reasons:

FHaloes and galaxies form hierarchically =™ the progenitors of massive haloes ’
' can cool, especially at higher redshifts... )
|
?

* O The curve t..,, = tg is calculated for an overdensity § = 200. The gas in a halo
typically has a density profile, and can have § > 200 near the center.
— at least some fraction of the gas should have cooled... J

e ——

———

————— e e
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ASTR 610:Theory of Galaxy Formation

Deviations from CIE

In particular for low T gas, the recombination
time-scale can exceed the cooling time scale of
the gas, so that, while it cools, it starts to drift
away from CIE. This can result in significantly
different cooling times (by up to factors of

two to three).
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To my knowledge this is not accounted for in
Gny SAM Non-Equilibrium

Comparison of cooling functions for gas in CIE (upper
panel) with the effective cooling functions for gas in
which time-dependent ionization states are computed
throughout the cooling (lower panel). IB and IC
correspond to cases in which gas is assumed to be
cooling isobarically or isochorically...

A (erg cm® s")

Source: Gnat & Sternberg, 2007, ApJS, 168, 213
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Almost all SAMs treat cooling by defining a cooling radius, rc..l, as the radius where

tcool (T) —

~ 3n(r) ks T (r)

202 () AT)

Here Tcool is some ' characteristic’ time, which varies from SAM to SAM.

Some SAMs set it equal to the Hubble time, others to the time since the last major
merger, or the free-fall time....Computing this cooling radius also requires assumptions
about the density and temperature profiles of the hot gas, which also differ from

SAM to SAM...

Once the cooling radius has been computed, the cooling rate is computed as follows:
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Lacking a detailed theory for star formation, the treatment
of SF in SAMs has thus far been very pragmatic:

“ no internal structure of galaxies

y Mcold Vvir o8E
M, = — taum
i TSE = Ay (200km/s>

free parameters (esr, asr) vary from SAM to SAM with —2.5 < agrp < 0

M
Ecold(R) = ( COIS) S R4 &< ApMm Tvir (Mo, Mao & White 1998)
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0 otherwise
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Stellar Feedback

Stellar evolution injects energy & momentum back into ICM, mainly in form of stellar
winds, supernovae and radiation pressure. For a Chabrier IMF, the effective number of
SN (Einject/10°! erg) per solar mass of stars formed is ~0.01 and dominated by SNII

Chabrier IMF
Z=0.0001
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Effective number of SN per solar mass of stars formed
Source: Benson, 2010, Phys. Rep. 495, 33
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SuperNovaFeedback (eJechon)

To get a feel for whether the energy input from SN can be relevant for galaxy
formation, imagine ejecting a mass M,; from the center of a NFW dark matter halo.

This requires an energy injection of Eo; = £ M; V.2, . Using that, to a good
approximation, the escape velocity from ’rhe center of a NFW halo is Vs >~ V2 Vi,

where c is the halo concentration parameter, we have that Eg; >~ c M; Va

The energy available from SN is | B, = esn ¢ M, Egn

—

VVII‘ —
200 km /s
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SuperNova Feedback (reheating)

Rather than ejecting gas from the halo, SN energy can also be used to reheat gas.
The internal energy of gas is Einy = % Mgae kg T

pm

Imagine we want to reheat this gas from in initial femperature of Ti.i; = 10* K to

the virial temperature of the halo, 1y = g”,’jg Vs

. . 3 ke (Tvir — Tinit) 3 Tinit
This requires an ener Ercheat = = Mgas Y = “M,sV2 [1—
q gy heat 9 g /,me 4 g Vvir Tvir

. : Mgas ~ 17¢ VViI‘ - 1 — ﬂnit -
EguatingeRnaitonbeivields: By St SN G e Tyir

Hence, ina MW halo, SN can reheat up to 17 M, for every Solar mass of stars formed.
Reheating is more efficient than ejecting gas, by roughly factor (Vese/Viir)® ~ 2¢

The all important question for gauging the potential impact of SN feedback is

E what is the SN feedbackﬁefficiency parameter esy i

Depending on the ISM and SF conditions, one can have 0.01 < egn <1
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back

What about feedback from AGN?

The energy output from an AGN (over its lifetime) is

EAGN ~ 0.1 MBH 62

where we have assumed that roughly 10% of the rest-mass
energy is radiated away. If we assume that a fraction eagn of
this radiation is used to reheat gas or to eject it from the halo,
and we use that Mpy ~ 0.002 My,,10e We obtain that
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SN Feedback in SAMs

Majority of SAMs adopt

. . . . . VVir — Ofp
Mg, = Meject t Mieheat = € My with € = €m0 (200 km/S>

Energy driven winds have ayg, = 2 (e.g., Dekel & Silk 1986)
Momentum driven winds have oy, = 1 (e.g., Murray et al. 2005)
SAMs ’ryplcally r'equme osz > 2 in or'der' to ma'rch fam’r end slope of LF.
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associated with mergers or disk instabilities when large amounts of
gas are funneled to galaxy's center. Main channel of BH growth

MBH — MBH ,min + f( cold,1; Mcold,27 Mvir,la Mvir,Q)

Typically the function f is tfuned to match the empirical Mgy-Mpuige relation.
Treatment of feedback from Quasar Mode varies strongly from SAM to SAM

.
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“" o ""‘7:' R R ZABIA A S S S SF STk L RS R G SR e Bl Sl R e LS O S S S lp o e iR S st
& A e o ‘ g Y iy ~ Y vy LR = Pl A - Sl RS AN b L e A
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AGN Feedback in SAMs

-— —

,‘ O AGN feedback is " required’ in order to quench star formation in massive haloes
¥ O Two different modes of AGN feedback are included: Quasar mode & Radio mode

N [

O AGN fteedback has become @ andard ingredien n SAM ince 2006

andiotModeD associated with low-Eddington Bondi accretion of hot gas in massive
haloes. Little BH growth, but main mode to offset cooling

Mpn
108 M,

MgH = €radio ( ) f (Mot Thot)

Motivation is that low-Eddington ratio accretion results in powerful jets. Most SAMs
assume that this energy output heats the hot gas, thereby " quenching' star formation

e -.-:*-.,_f,._.':_ ’ . - 0.1 MBH CZ
e ¢ N R Mcool,eff — Mcool — V2
RS AL g ,f.;"_x.;;;_. :

VIr

There is ample observational evidence to suggest that radio-mode AGN
~ impact the ICM of clusters, such as here in the Perseus cluster. However,
it is unclear whether the AGN energy is actually thermalized...

)
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Mergers

—_—— e = .
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Starbursts

Most SAMs assume that during (major) mergers a (large) fraction
of the cold gas is consumed in a burst of star formation:

YSB
Mmin)
WM

M*,burst — €SB — €SB (

'Santa Cruz' SAMS: (€SB, VsB, TsB) calibrated against hydro sims (Cox et al. 2008)
‘Munich’ SAMS: esp = 0.56, ysg = 0.7and 7sg = 0 (major+minor mergers)
‘Durham’' SAMS: esg = 1, v = 0 and 758 = tg sph (Major mergers only)

|
g
o

contributions i Bl Cosmic star formation histories in the SAMs of Somerville
to SB mode j] et al. (2008). Different colors correspond to different

models. The thin lines show the contributions due to star
bursts, which typically are less than 10 percent...
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Satellite Quenching

Prior to ~2005 most SAMs instantaneously stripped satellite galaxies of their hot gas
reservoir at infall, resulting in rapid quenching of their star formation (strangulation)

However, as first shown in Weinmann et al. (2006), At S
this results in of satellite galaxies that
are much too low compared to observations.

E> LZ Instantaneous strangulation is too rapid. i

_.-.—'“————J

——— SAM-RS

As shown by Kang & vdB (2008), simply slowing down
rate at which hot gas is stripped results in problems
with the centrals: they become (despite AGN e
feedback) because ’rhey accrete Y OZ16 18 20 -2z -16 18 -20 22 16 -18 20 -2z -24

0.1M,—-5logh

Centrals Satellites

, Satellite galaxues mainly need to be \’
i disrupted, rather than cannibalized |

LZ In’rmClu;‘reerigh‘r & Stellar Halos ;
—— W

" ————

red fraction

Kang & vdB, 2008, ApJ, 676, 101
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Quenching in SAMs

Kimm et al. (2009) performed a detailed comparison of the of
central and satellite galaxies in SDSS (based on galaxy group catalog of Yang et al.
2005) with those in different SAMs reveals severe problems for the latter....

Satellite
(s) Observed (t) SO8 AGN—FB

Central
(g) Observed (h) S08 AGN-FB

(j) SO8 no AGN-FB.
i

(1) MORGANA

Source: Kimm et al. 2009, MNRAS, 394, 1131

10 11 12 13 14 1510 11 12 13 14
-1
|091o (Mholo/h M@)

10 11 12 13 14 1510 11 12 13 14 15
-1
|0910 (thlo/h MO)

E> g Quenching is not yet treated properly in SAMs i /’\

- — e ————————— S— —fJ
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Fitting the Galaxy Luminosity Function

— — — Model 1 = Halo mass function

Model 2 = Cooling

—— — Model 3 = Photoionization

Model 4 = Merging

Source: Benson et al. 2003, ApJ, 599, 38

The 30th Jerusalem Winter School in Theoretical Physics

If galaxy formation would be
equally efficient in halos of all
masses, the shape of the LF
would be very different from
what is observed.

Since cooling is less efficient in
more massive haloes, this was
originally believed to explain

the bright end of the LF.

However, hierarchical formation
results in foo much cooling at
early times...

, Photoionization by UV }

¢ background is not sufficien’r‘
L’ro solve overcooling problem |
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Fitting the Galaxy Luminosity Function

— —— Model 8.1: €_,..,70.13; €5=0.27; Bgy=3
Model B.2: €00 =0.13; €gy=5.00; Boy=1 Adding SN feedback helps in

Model B8.3: €,,,,=0.13; €5,=5.00; fg=1; 0,=0.7 Supppessing galaxy formation
in low mass haloes, resulting
in a reduced abundance of
faint galaxies...

Matching the bright-end of the
LF requires at least 5x as much
energy as what is available from
stellar evolution...

" SN feedback by itself canr?cﬁ-.i

Lsolxe the overcooling problem |

Source: Benson et al. 2003, ApJ, 599, 38
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Fitting the Galaxy Luminosity Function

Model 7.1: : Trying to solve the problems

Model 7.2: 41; at the bright end of the LF
—— — Model 7.5 ' with conductivity requires
efficiencies that are 25x the
maximum allowed Spitzer
conductivity.

— — Model 7.4:

In presence of magnetic
fields, conductivity is
expected to be significantly
less than Spitzer...

" Conductivity is hot a solu’ricﬂ

§ to the overcooling problem |

Source: Benson et al. 2003, ApJ, 599, 38
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The Current State-of-Affair

" Munich’' SAM " Munich’' SAM
(De Lucia & Blaizot 2007) (Guo et al. 2011)

l0g,o(® [Mpc-3|°91oM-_l])
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,‘ With AGN feed—I;)ac.k- (raa-}o mode) SAMs }
¥ nowadays have little difficulty matching }
Lhigh;mass end of stellar mass function. /

e - — e — .

The latest * Santa Cruz' SAM of Somerville et al. (2012) also
matches low-mass end of stellar mass function, but using
virtually same SN feedback model as De Lucia & Blaizot
(2007). They do include Quasar Mode Feedback though....

log dN/(dlog m,,,) [Mpc™ dex™]

The 30th Jerusalem Winter School in Theoretical Physics

Main difference is in
treatment of SN
feedback; the Guo et al.
model has introduced
additional degrees of
freedom.

This results in a much
improved fit of stellar
mass function at low-
mass end.

" Santa Cruz' SAM
(Somerville et al. 2012)

9
lOg Meior [MO]
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The Tully-Fisher Zero-Point

Reproducing the galaxy luminosity or stellar mass function(s) does not yet guarantee
that these galaxies reside in the correct dark matter haloes.

Historically, the main " test' that was used to check this was the Tully-Fisher relation.

i v E> V\;ir r> M_-.i 2.6 slope=0.30
A | Venax - Vl; ) zero=2.16
| SR 4 g, v=0.13

o
N

b
;/
(complicated

Prior to ~2005 SAMS failed to match zero-point of
TF relation, overpredicting V..+ at fixed L. Only when
SAMs started to adopt ACDM concordance cosmology
did problem " disappear’, but ONLY under the " naive'
assumption that Vot = Vinax or Veot = Vi

trivial

N

r—
0
w
-
e
e
=
o
o

Source: Courteau et al. 2007, ApJ, 671. 203

0.30
[V oc L3

That assumption, however, ignores

| o self-gravity of the disk galaxy 1
to adiabatic contraction of the dark matter halo |

- e ——— ~ ———
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Adiabatic Contraction

Adiabatic Contraction: contraction of the dark matter halo as a gravitational response
to baryons accumulating at center of potential well.

Following Blumenthal et al. (1986), adiabatic contraction is typically modeled assuming
that r M(r) is an adiabatic invariant during the formation of a disk galaxy.

Evolution of RCs in disk formation models.
All three disks reside in haloes of the

¥ same mass, but with different spin
parameters. Self-gravity of disk and AC
are both taken into account

van den Bosch, 2002, MNRAS, 332, 456

Realistic, detailed models of disk formation that include self-gravity of disk and
adiabatic contraction of halo typically predict that V.o:/Viir ~ 1.4-1.8, whereas
NFW haloes typically have Vimax/Viir ~ 1.2...
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Adiabatic Contraction

r M(r) is only an adiabatic invariant under oversimplified assumptions. Under
realistic conditions, halo contraction can be modelled using ¢ = I'Vr; , where I' = 7¢/7;
is the simplified AC model of Blumenthal et al. (1986) and v is a " free parameter’.

Simulations suggest that v ~ 0.8

Dutton, vdBosch, Dekel & Courteau, 2007, ApJ, 654, 27

The 30th Jerusalem Winter School in Theoretical Physics

, v =1 s’raﬁaar-d AC I

t ¥ =0 no adiabatic con‘rrac’rionx

i v < 0 halo expansion |

Note how even in the case without AC
(v = 0) V22 > Vinax, which is simply due
to the self-gravity of the disk

Model predictions for the ratio V22/V.i- for
disk galaxies embedded in NFW haloes. Results
are shown as function of the halo concentration
parameter, c. Here V2 is the rotation velocity
of the disk measured at 2.2 disk scale-lengths.
Results are shown for different " forms' of
adiabatic contraction (different values of /).
For comparison, the green curve shows the
ratio Vmax/ Vvir-.

© Frank van den Bosch: Yale 2012



Galaxy Clustering

10.77<logM,<11.27

10
0.01 0.10 1.00 10.00 0.01 0.10
ro[Mpc]

Source: Guo et al. 2011, MNRAS, 413, 101

The 30th Jerusalem Winter School in Theoretical Physics

1.00
r.[Mpc]

CDM predicts that more massive
haloes are more strongly clustered.
Hence, only if galaxies reside in
the correct dark matter haloes will
the models match clustering data.

“Munich” SAM of Guo et al. (2011)
fails in that respect, despite good
match to stellar mass function....

Part of problem is likely to be that
Millennium Simulation adopts wrong
cosmology....

’ Several studies have shown that
} tThe WMAP1 cosmology cannot ‘

‘ simultaneously match galaxy
' abundances & galaxy clustering.

; (e.g., van den Bosch et al 2004;
L Cacciato et al. 2009, 2012)
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The Galaxy - Dark Matter Connection

o Behroozi et al. (2010)

= mmm Reddick et al. (2012)
Moster et al. 2010 (AM)
Moster et al. 2012 (AM)
Guo et al. 2009 (AM)

» mm = Wang & Jing 2009 (AM+CC)
Zheng et al. 2007 (HOD)
Yang et al. 2012 (CLF)
Yang et al. 2009a (CL)

= === Hansen et al. 2009 (CL)

= mm = [in & Mohr 2004 (CL)

=== == Behroozi et al. (2012)
| IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | I I I |

10" 10" 10" 10™ 10

M, [Mo]
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Source: Behroozi, Wechsler & Conroy, 2012, arXiv:1207.6105




The Galaxy - Dark Matter Connection

Data: Yang et al (2009; z~0.1)
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The Galaxy - Dark Matter Connection

Data: SDSS DR7
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The Galaxy - Dark Matter Connection

Data: SDSS Galaxy Group Catalogues

(Yang et al. 2009)

14.5< log M, 13.6< log M, =13.9
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Fit 1: o= --> no evolution
2PCF : fit to ®(M,) + 2PCF
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Source: Yang et al. 2012, ApJ, 752, 41
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The Galaxy - Dark Matter Connection

log M, ~14.5 log M, ~14.0 log M, ~13.0 log M, ~12.0

f Stellar mass assembl.);,ﬁlz‘r‘ory of galaxies is %
v completely decoupled from mass assembly \
{ __histories of their dark matter haloes /P

Virtually all galaxy formation models try to establish such a " decoupling’ with feedback

from supernovae and/or AGN:

‘,’ O AGN feedback is invoked to z;aench';n’rrals in massive haloes i
{ © SN feedback is invoked to suppress SF in low mass haloes. o

e — ~— e — e — —

The MAIN problem with current SAMs (and hydro-sims) is that the latter doesn't
decouple stellar mass growth from halo mass growth, as I now demonstrate..

Source: Yang et al. 2012, ApJ, 752, 41
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Origin of the Galaxy-SFR Sequence

Dutton et al. (2010) used detailed, spatially resolved SAM of (disk) galaxy formation, and
showed that model naturally reproduces SFR-M- relation, independent of (SN) feedback.
This is consequence of self-regulation that drives system to steady-statel
[cf. Bouché et al. (2010), Davé et al. (2010) as well as the lectures by Davé and Lilly]

Source: Dutton, vdB & Dekel, 2010 MNRAS, 405, 1690

9 10 11

'Ogto Mstor [MG)]
ASTR 610:Theory of Galaxy Formation © Frank van den Bosch: Yale 2012




Origin of the Galaxy-SFR Sequence

<log,, Mstar>=9.3 <log,, Mstar>=10.0 <log,, Mstar>=10.7

— — (1+42)225

0.3 0.6 0.9
log,o(1+2)

Source: Dutton, vdB & Dekel, 2010 MNRAS, 405, 1690

fThe stellar mass growth closely fc;II-oTN’s—’r»h-ewcosmological accretion rate]

}. of dark matter haloes, independent of SN feedback; Hence, SN ‘1

b feedback cannot decouple halo growth from galaxy growth... /P
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Origin of the Galaxy-SFR Sequence

<log,, Mstar>=9.3 <log,, Mstar>=10.0 <log,, Mstar>=10.7
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Source: Dutton, vdB & Dekel, 2010 MNRAS, 405, 1690

PR B N T A e
0 0.3 0.6 0.9 0 0.3 0.6 0.9 0 0.3 0.6 0.9

log,o(1+2) log,o(1+2) log,o(1+2)

Model predicts little o no evolution in gas mass fractions at fixed stellar mass, but
strong evolution in ratio of molecular-to-atomic (consequence of density evolution).
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Outstanding Problems

N

N _< log (M) < 9.77 my opinion, the most daunting problem for galaxy

¥ ) formation is understanding why stellar mass assembly

2 % is so detached from halo mass assembly.

4 Q.

==

Y - Most SAMs try to accomplish this using a combination

M 1 { of reionization and feedback from SN & AGN

o I A

v [l )

q + The problem with SN feedback is that you need

4 O o MarchesiniO9 AR s )

§ ~ » Gonzalezllo Leel2 star formation to prevent star formation...

9 | The problem with AGN feedback is that currently m
3 it is nothing but wishful thinking... </

Galaxy Formation is far from a solved problem

' . : ey - . : 5 - " -
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gl e : ' - x A detailed treatment of the physical processes relevant
' - e for galaxy formation, and included in SAMs, can be found
. % . inthe textbook Galaxy Formation and Evolution.

An excellent and up-to-date review of galaxy formation is

Galaxy Formation
¢+ and Evolution

Hou]on Mo, Frank van den Bosch
: and Simon White

A detailed review of Semi-Analytical Models is

The 30th Jerusalem Winter School in Theoretical Physics © Frank van den Bosch: Yale 2012
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