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Lecture content and schedule
• Chapter 1: Introduction (galaxy definition, astronomical 

scales, observable quantities — repetition of Astro-I) 

• Chapter 2: Brief review on stars

• Chapter 3: Radiation processes in galaxies and telescopes; 

• Chapter 4: The Milky Way

• Chapter 5: The world of galaxies I

• Chapter 6: The world of galaxies II

• Chapter 7: Black holes and active galactic nuclei

• Chapter 8: Galaxies and their environment; 

• Chapter 9: High-redshift galaxies

• Chapter 10: 


• Cosmology in a nutshell; Linear structure formation in 
the early Universe


• Chapter 11: 

• Dark matter and the large-scale structure 

• Cosmological N-body simulations of dark matter


• Chapter 12: Populating dark matter halos with baryons: 
Semi-empirical & semi-analytical models 


• Chapter 13: Modelling the evolution of gas in galaxies: 
Hydrodynamics


• Chapter 14: Gas cooling/heating and star formation

• Chapter 15: Stellar feedback processes

• Chapter 16: Black hole growth & AGN feedback processes

• Chapter 17: Modern simulations & future prospects

Part I:

Observational 

basics & facts of 
galaxies


first 7 lectures

Part II:

Theory & models 

of

galaxy evolution 

processes

second 7 lectures}

}



How to populate halos with galaxies?
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How???

Galaxy distribution

Dark matter distribution
halo catalogues and halo 

merger trees



Outline of this lecture

• Different modelling approaches for baryons

• Semi-empirical models

•Linking DM halos to observed galaxies

•Main results

• Semi-analytic models

•Physical models for baryons

•Main results

•Challenges and limitations
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How to model baryons?
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• Based on hierarchical evolution of DM halos in a CDM paradigm: due to 
gravitational interactions, baryons follow the evolution of dark matter

• Evolution of baryons much more complex due to gas-dynamical 
processes and variety of other baryonic processes

• Galaxy formation is a complex, self-regulated 
network of reactions and back-reactions

• What are the main processes 
affecting galaxy evolution?

• Gas cooling and heating, 
• SF & stellar feedback
• Chemical enrichment, 
• BH growth and feedback, 
• External mechanisms like mergers & 

environmental processes



Cosmological galaxy formation simulations
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Cosmological model + initial conditions + N-body simulation code =  DM halos

z=6 z=3 z=0

Dark matter = N-body
problem

To populate DM halos with galaxies: model baryon physics via

Hydrodynamic simulationsSemi-analytic models

+

Semi-empirical models



Different approaches for modelling baryons
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• Mostly based on N-body simulations of dark matter

• Semi-empirical/abundance matching models:

• Observed galaxy properties are coupled to depth of potential well of 
simulated halo mass

• No direct modelling of baryonic physics

• Using statistical observations of galaxies and statistically link halo 
masses (simulated) to (observed) galaxy masses or luminosities

• Idea of how galaxies may evolve in the framework of hierarchically 
growing DM halos

• “Quasi”-observations with “undetectable” halo mass



Different approaches for modelling baryons

• Mostly based on N-body simulations of dark matter

• Semi-empirical models

• Semi-analytic models:

• Approximation with physically motivated, but 
phenomenological analytic laws to trace different baryonic 
reservoirs of a galaxy (cold gas, stars, hot gas, BH mass etc.)

• Solving coupled sets of differential equations

• +Powerful approach to assess statistical galaxy properties

• +Low computational costs

• +Perfect for a first testing of different physical processes

• — But Simplified models with a large free parameter space

• — No spatial resolution, other than spherical symmetry of profiles

Semi-analytic models in action

• The gaseous & stellar structure are not modelled in detail  
But: profiles & positions of galaxies are given and can be visualised:
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Different approaches for modelling baryons
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• Mostly based on N-body simulations of dark matter

• Semi-empirical models

• Semi-analytic models

• (Cosmological) hydrodynamic simulations:

• Explicitly solving gas dynamical equations: conservation 
laws for mass, momentum & energy, solved with Mesh-based/SPH 
techniques, see Chapter 13 

• + Most precise approach for modelling baryons up to now

• + Spatial information accessible and self-consistently modelled 

• — High computational costs —> difficult to explore the effect of 
different physical processes and their parameter space

• — Multi-scale problem: sub-resolution models very uncertain and 
strongly affect the results (see chapter 14-16)



Outline of this lecture
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• Different modelling approaches for baryons

• Semi-empirical models

•Description

•Main results

• Semi-analytic models

•Physical models

•Main results

•Challenges and limitations



Abundance matching
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• Extract positions and masses of halos from N-body simulations

• Take observed stellar mass function (SMF) of galaxies

• Link galaxies and halos using a simple assumption: most massive 
galaxies live in most massive halos

Subhalo abundance matching

• Subhalo abundance matching:  
extract positions and masses 
of haloes from N-body simulations

• Link galaxies and haloes using 
simple assumption:  
Most massive galaxies live in 
most massive haloes

• Connection can be done in 2 ways:

a) assuming a non-parametric monotonic relation

b) assuming parameterized functions
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• Rank order halos by mass

• Generate galaxy catalogue 
from observed SMF and rank 
order galaxies by mass

• Link galaxies one-to-one

• Connection of stellar to halo 
mass can be done in two ways:
• assuming a non-parametric 

monotonic relation
• assuming parameterised 

functions



Populating halos
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• Populate halos and subhalos

• Constant stellar-to-halo mass ratio 
does not work
Populating haloes

• Populate haloes and subhaloes

• Constant stellar-to-halo 
mass ratio doesn‘t work
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• Use non-constant ratio like:  

• Has 2 slopes, characteristic 
mass and normalization

• Fit parameters to SMF

Populating haloes

• Populate haloes and subhaloes

• Constant stellar-to-halo 
mass ratio doesn‘t work
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• Use non-constant ratio like:

• Contains two slopes, characteristic 
mass and a normalisation

• Fit parameters to SMF
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Meaning of parameters
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• Leave all parameters constant and 
change only one: 

• Normalization N determines the 
position on stellar mass axis

• Characteristic mass M1 sets the 
knee of the SMF

• Low mass slope β affects the 
slope α of the Schechter fct 

• High mass slope γ determines the 
exponential “cut-off” of the SMF

Meaning of parameters

• Leave all parameters constant and change only one:

• Normalization N determines 
position on stellar mass axis

• Characteristic mass M1 sets the ‘knee‘  
of the SMF (m*)

• Low mass slope β affects the slope  
of the Schechter function α

• High mass slope γ determines the  
‘cut-off‘ of the SMF

N

M1

β

γ
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• Use non-constant ratio like:  

• Has 2 slopes, characteristic 
mass and normalization

• Fit parameters to SMF

Populating haloes

• Populate haloes and subhaloes

• Constant stellar-to-halo 
mass ratio doesn‘t work
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Stellar mass content versus halo mass
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• At maximum, only 3-4% of 
matter in halo consists of 
luminous stars

• Implying that at maximum 
only ~20-30% of the 
universally expected 
baryon content is 
converted into stars

• lower efficiencies for low-
mass and high-mass halos!



Results of the best-fit model
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Results for best fit model

• Little evolution at high redshift (z>2)

• Moderate evolution at low redshift

24 Numerical Cosmology & Galaxy Formation 11 29.06.2016

• Little evolution at high z (>2), moderate evolution at low z

• “Antihierarchical” trend visible: at higher z, baryon conversion 
efficiencies peak in more massive halos than at lower z

• Why is the stellar baryon conversion efficiency so low?

• gas prevented from infall? — gas not forming stars? — gas ejected?
➡ Semi-empirical models cannot answer this question!



Constraints and predictions
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Semi-empirical (abundance matching) models helpful for

•Predictions unbiased by assumption on baryon physics

•Getting an idea of how galaxies grow and assemble in 
hierarchically growing dark matter halos

• “Observational-like” constraints for semi-analytic 
models and hydro simulations to test their models for 
baryon physics within DM halos

BUT: Semi-empirical models only 
provide us with some trends with 

halos mass, but they DO NOT 
PROVIDE  ANY  PHYSICAL 

EXPLANATION!



Outline of this lecture
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• Different modelling approaches for baryons

• Semi-empirical models

•Description

•Main results

• Semi-analytic models

•Physical models

•Main results

•Challenges and limitations



A bit of history...
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•Original “idea” by Fred Hoyle (1949):  “Stellar evolution 
and the expanding Universe”

•White & Rees 1978: Galaxy formation as a two stage 
process

•First, dark matter halos collapse and assemble
•Then, gas cools in these halo potential, condenses in 

the center and forms stars

•Frenk & White 1991: “Grandparent” model for all future 
SAMs: further development, first semi-analytic model 
with cooling, SF, feedback, mergers etc.

•Since then, further refinement of physically motived 
models and development of many different semi-analytic 
models



Reminder: Merger trees
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t1

t2

t3

t4

• Backbone is HIERARCHICAL 
structure formation, merging 
into larger and larger objects

• SAMs are built up-on the DM assembly history

• When a halo for the first time “appears”, hot gas is put in according to 
the universal baryon fraction of a halo of a given mass

• Smooth accretion rate in dark matter is transformed into one for 
baryons (according to the universal baryon fraction)

• Mergers are considered, and accretion onto larger halos (->sub-halos)



Baryon reservoirs in SAMs
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• In practice, in SAMs, we follow the evolution of different baryonic reservoirs

Cold Gas

and metals


in disk

Hot Gas

and metals


in halo

Stars

& metals

in bulge 
and disk

Ejected Gas

and metals

Black hole

accretion

Outflows

Inflows • Recipes empirically 
motivated by 
observations

• Problem: small-scale 
physical processes not 
well understood —> 
free parameters

• Free parameters are 
“tuned” to match 
basic statistical galaxy 
properties at z~0 

• Predictions of other 
statistical galaxy 
properties and 
confront them to 
observations



Gas cooling
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• For simplicity, always assume spherical 
symmetry of halos and galaxies

• Gas is assumed to fall into DM halos and to 
shock heat to the virial temperature

• The gas density profile is assumed to follow 
an isothermal sphere

• Gas cools from this hot halo, looses P 
support, falls to the centre and forms a disc

• Putting the density into the above equation, 
one can solve for the cooling radius rcool 
with tcool

• Writing expression of the mass within rcool 
and differentiate it —> rate at which gas can 
cool

6 Hirschmann et al.

The probablity p(i, j) is defined as

p(i, j) =
nov(i, j)
nmax(i, j)

with (2)

nov = ni(zi) ∩ nj(zj) and

nmax(i, j) = max(ni(zi), nj(zj))

Here, nov is the number of particles found in both halos
and nmax is the particle number of the larger halo. We re-
move ‘fake’ haloes which exist only within one timestep and
have no connection to any branch (halo masses are gener-
ally near to the resolution limit). The low redshift ends of
the branches are then checked for mergers. A halo j at tj
is assumed to merge into halo i at ti, if at least 50% of the
particles of halo j are found in halo i. In case of a merger
the branches are connected.

Note that the tree-algorithm is only applied to the dark
matter particles – star or gas particles are not separately
traced back in time. They are assumed to follow the evolu-
tion of the dark matter. Therefore, we assign to each dark
matter halo in a tree a hot/cold phase gas mass by counting
hot/cold gas particles within the virial radius of the cen-
tral halo. The stellar and cold gas particles within 1/10 of
the virial radius are defined as the stellar and gas mass of
the central galaxy. We distinguish between hot and cold gas
particles by using the following definition:

log T < 0.3 log ρ+ 3.2 → cold (3)

log T > 0.3 log ρ+ 3.2 → hot (4)

Note that the above discrimination between hot and cold gas
was established by looking directly at the phase diagrams of
the re-simulations, where we have divided between the gas
in the disk heated by SN feedback and the shock heated gas.
With the above definition for cold gas we mainly capture the
dense, star-forming gas.

In Fig. 1 we show a visualization of four merger trees
of re-simulated halos with virial masses of 8 × 1012M!,
1 × 1012M!, 5 × 1011M! and 1 × 1011M!. The size of the
black circles approximates the dark matter halo mass, the
yellow stars the stellar mass within the virial radius and the
blue and red filled circles the cold and hot gas component,
respectively. The symbol sizes scale with the square root of
mass normalized to the final dark matter halo mass (dark
matter component) and to the final baryonic mass (star, hot
and cold gas mass). We clearly see that galaxies at high red-
shift contain more cold gas, which either turns into stars
or is heated towards lower redshifts. In general, for more
massive halos the fraction of cold gas and stars at z = 0 is
lower.

To study the influence of numerical resolution on the
evolution of the dark matter and the baryonic components
we have simulated a few halos with 4 × higher spatial resolu-
tion (= 64 × higher mass resolution) than the original dark
matter simulation. A comparison of the results can be found
in the Appendix. The overall mass assembly of the main ha-
los and the number of major mergers do not show any sig-
nificant variation, although the number of identified minor
mergers increases due to the higher resolution. Overall, we
conclude that our results are well-converged and would not
change significantly if we improved the resolution.

4 THE SEMI-ANALYTIC MODEL

The merger-trees constructed as described above are used
as input for the semi-analytic model described in Somerville
et al. (2008a, hereafter S08). The SAM makes use of merger
trees for “isolated” halos only, and treats the evolution of
sub-structure within virialized halos using semi-analytic ap-
proximations. The ‘full’ version includes photo-ioniziation,
gas cooling, star formation, SN feedback, metal enrichment,
and black hole growth in a radio and quasar mode with
corresponding feedback. However, to provide a more mean-
ingful comparison to our simulations, we do not only con-
sider the ‘full’ version, but also ‘stripped down’ models
by separately switching off AGN feedback, metal cooling,
Supernova-driven winds, and ‘thermal’ Supernova feedback.
We consider the following different versions:

• NF: no Feedback, primordial metallicity
• SN: thermal SN-feedback, primordial metallicity
• SNWM: thermal SN-feedback, SN-driven Winds,

metal cooling
• FULL: ‘full’ version, including thermal SN-feedback,

SN winds, metal cooling, and AGN feedback

In the following we briefly summarize how the different
physical mechanisms are implemented and how they differ
from the ones in the simulations. For full details we refer the
reader to Somerville et al. (2008a). In Table 1, we provide a
summary of the galaxy formation parameters used here. In
Table 2, we give an explicit overview of the physical recipes
assumed in the different SAM versions starting from the
NF model. These are compared to the physics which are
implemented in simulations.

(i) Radiative cooling: The rate of gas condensation via
atomic cooling is computed based on the model proposed by
White & Frenk (1991). The cooling time is computed as

tcool =
3/2µmpkT

ρg(r)Λ(T,Zh)
. (5)

Here, T is the virial temperature, µmp is the mean molec-
ular mass, ρg(r) is the radial density profile of the gas and
Λ(T,Zh) is the cooling function, which is temperature and
metallicity dependent. The cooling time is the time required
for the gas to radiate away all its energy starting at the virial
temperature. The gas density profile ρg(r) is assumed to fol-
low an isothermal sphere: ρg(r) = mhot/(4πrvirr

2). Putting
this expression in Eq. 5 one can solve for a cooling radius
rcool. Within the cooling radius all gas can cool within the
cooling time tcool. The cooling rate for the mass within rcool
is

dmcool

dt
=

1
2
mhot

rcool
rvir

1
tcool

. (6)

Following Springel et al. (2001) and Croton et al. (2006)
it is assumed that the cooling time is equal to the halo dy-
namical time tcool = tdyn = rvir/Vvir. Two different modes
of accretion are distinguished: the rapid (“cold mode”) and
the slow (“hot mode”) cooling regime. In the rapid cooling
regime, where the cooling radius is larger than the virial ra-
dius rcool > rvir, the cooling rate is set to the gas accretion
rate, which is governed by the mass accretion history. Slow
cooling occurs whenever the cooling radius is smaller than
the virial radius rcool < rvir. Here, the cooling rate is calcu-
lated according to eq. 6. The same cooling function is used
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Following Springel et al. (2001) and Croton et al. (2006)
it is assumed that the cooling time is equal to the halo dy-
namical time tcool = tdyn = rvir/Vvir. Two different modes
of accretion are distinguished: the rapid (“cold mode”) and
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rate, which is governed by the mass accretion history. Slow
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lated according to eq. 6. The same cooling function is used
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high metallicity

primordial 
gas, only H 
and He 
cooling



Star formation

22

• No full theory of star formation that 
gives SFR as a function of the ISM

• Phenomenological approach: calculate 
SFR following the observed Schmidt-
Kennicutt relation

• SFR surface density is related to the 
cold gas surface density

Semi-analytic models and cosmological simulations 7

Table 1. Summary of the galaxy formation parameters in the fiducial model, which are partly deviating from the ones in S08

Parameter Description Fiducial value

Quiescent star formation

AKS Normalization of Kennicutt law 1.67× 10−4 M" yr−1 kpc−2

NK Power-law index in Kennicutt law 1.4
Σcrit Critical surface density 6M" pc−2

Burst star formation

µcrit Critical mass ratio for burst activity 0.1

SN feedback

ε0SN Normalization of reheating fct 1.3
αrh Power-law slope of reheating fct 2.0
Veject Velocity scale for ejecting gas 120 km s−1

χre−infall Time-scale for re-infall of ejected gas 0.1

Chemical evolution

y Chemical yield 1.5

Black hole growth

ηrad Efficiency of conversion of rest mass to radiation 0.1
Mseed Mass of seed black hole 100 M"

fBH,final Scaling factor for mass after merger 0.8
fBH,crit Scaling factor for critical BH mass 0.4

AGN-driven winds

εwind Coupling factor for AGN-driven winds 0.5

Radio-mode feedback

κradio Normalization of ’radio mode’ accretion rate 2× 10−3

κheat Coupling efficiency of radio jets with hot gas 1.0

Table 2. Overview of the different physical mechanisms for galaxy formation assumed in the different SAM versions and implemented
in the simulations.

Model Gas cooling Star formation Metals Thermal SN feedack SN winds AGN feedback

NF Yes Yes No No No No

SN Yes Yes No Yes No No

SNWM Yes Yes Yes Yes Yes No

FULL Yes Yes Yes Yes Yes Yes

SIM Yes Yes No Yes No No

in the simulations, however, the cooling rate is calculated
locally based on the density and temperature.

(ii) Photo-ionization: Photo-ionization heating is con-
sidered in all four SAM versions. It causes halos below a
certain filtering mass MF to have a lower baryon fraction
than the universal average. The collapsed baryon fraction
as a function of redshift and halo mass is parameterized by
the expression:

fb,coll(z,Mvir) =
fb

[1 + 0.26MF (z)/Mvir]3
, (7)

where fb is the universal baryon fraction. The filtering mass
is a function of redshift and depends on the reionization
history of the universe (Kravtsov et al. 2004). Note that
photo-ionization heating has very little effect on galaxies
with circular velocities larger than about 30–50 km/s, and

therefore plays a minor role in our study, which mainly fo-
cusses on larger galaxies. In the simulations a UV heating
background is implemented instead of a filtering mass. How-
ever, the filtering mass treatment adopted in the SAM is
based on the results of numerical hydrodynamic simulations
(Kravtsov et al. 2004), so we do not expect this to introduce
any significant discrepancy (see also Hambrick et al. 2009
and references therein).

(iii) Star formation: The SAM distinguishes between
quiescent star formation in isolated disks and merger-driven
starbursts. The quiescent star formation is based on the the
empirical Schmidt-Kennicutt (SK) relation (Kennicutt 1989,
1998). The star formation rate density is calculated accord-
ing to

ΣSFR = AKennΣ
NK
gas (8)
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SFR =

Z rcrit

0

Ẋ
⇤
2�rdr

•Remove mass of formed stars 
from cold gas reservoir and 
add it to the stellar component

•Details can vary from model to 
model…

• Stars and cold gas are assumed to be 
distributed in an exponential disc

• Adopt a critical gas surface density, and 
calculate the corresponding critical SF 
radius (inside which gas is SF)



Stellar feedback
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• Due to Supernova explosions, a 
certain amount of energy is released 

• Thus, some cold gas is assumed to 
be re-heated

• In addition, a fraction of re-heated 
gas can be expelled out of the halo 
so that it is not available for cooling 
for some time

• After some time (typically a halo 
dynamical time scale), a fraction of 
the ejected gas is reincorporated 
back onto the halo

ejection reaccretion

reheating

halo

• Again, exact parametrisations vary 
from model to model due to our 
poor understanding of the 
underlying physics

• Other processes like radiation 
pressure, stellar winds may 
contribute to heating/expelling gas

Ethermal = �⇥SNESN · SFR = ṀreheatedV
2
max

8 Hirschmann et al.

with AKenn = 1.67×10−4 , NK = 1.4, and Σgas is the surface
density of cold gas in the disk. The normalisation uses the
conversion factor appropriate for a Chabrier IMF (Chabrier
2003a). The gas follows an exponential disk (proportional
to the scale-length of the stellar disk) and only gas above
a critical surface density threshold Σcrit (= 6M"/pc2) is
available for star formation.

Star formation during starbursts is driven by merger
events. The star formation rate is assumed to be a func-
tion of the mass ratio and the combined cold gas content of
the merging galaxies, the bulge to total stellar component
and burst timescale. The starburst efficiency as a function
of these variables is based on hydrodynamic simulations of
binary galaxy mergers (see references in S08). While in the
SAMs we use a 2D implementation for quiescent star for-
mation following the Schmidt-Kennicutt law and a simple
recipe for starbursts, in simulations, the star formation ef-
ficiency (in both quiescent and burst modes) is determined
by the local 3D cold gas density. The normalization of the
Schmidt-Kennicutt law was chosen by requiring a smooth,
isolated disk to lie on the observed relation (see Springel &
Hernquist 2003).

(iv) Supernova feedback: Exploding supernovae de-
posit thermal energy in the interstellar medium, which may
heat the cold gas, and in certain situations may drive winds
that unbind the gas from the potential well of the dark
matter halo. In the SAM, these processes are modeled by
removing cold gas from the galaxy and depositing it ei-
ther in the hot gas reservoir, where it can cool again fairly
quickly, or ejecting it from the halo, where it can fall back
again on a longer timescale. We will refer to the former
as “thermal” SN feedback and the latter as “SN-driven
winds”. The SN model includes only the thermal SN FB,
while the SNWM includes both thermal SN feedback and
SN-driven winds. While supernova driven winds have been
implemented in some numerical hydrodynamic simulations
(e.g. Oppenheimer & Davé 2008), only thermal SN feedback
is implemented in the simulations used in this study.

The heating rate of the cold gas is given by

ṁrh = εSN0

(

Vdisk

200 km/s

)αrh

ṁ∗, (9)

where εSN0 and αrh are free parameters and ṁ∗ is the star for-
mation rate. We assume the circular velocity Vdisk to be the
maximum rotation velocity of the dark matter halo, Vmax.
To estimate reasonable values for the parameter εSN0 we fol-
low the prescription of Kauffmann et al. (1993), in which it
is assumed that the energy released from supernovae heats
the gas to the virial temperature of the halo (correspond-
ing to a value of αrh = −2). Using this recipe, the thermal
energy rate is given as

Ėthermal = εthermal ηSN ESN ṁ∗ = ṁrh V 2
disk, (10)

where ηSN is the number of supernovae expected per solar
mass of stars formed (= 4 × 10−3M−1

" ), ESN the kinetic
energy of the ejecta from each supernova (≈ 1051erg) and
εthermal the efficiency with which supernova energy is de-
posited in the gas, which is highly uncertain. With equations
9 and 10 εSN0 is defined as:

εSN0 = εthermal
ηSN ESN

(200km/s)2
, (11)

We assume a value for the thermal efficiency of εthermal ≈

0.16.
Additionally we assume to have a kinetic SN feedback,

i.e. reheated gas can be blown out of the halo. Thereby, the
fraction of reheated gas, which is ejected from the halo into
the intergalactic medium (IGM), is given by

feject(Vvir) =

[

1 +

(

Vvir

Veject

)αeject
]−1

(12)

with αeject = 6 and Veject a free parameter (≈ 100 −

150 km/s). Note that using this definition the total amount
of released energy from SN explosions is not exceeded.

Moreover, the ejected gas can re-collapse onto the halo at
later times and then is available for cooling. As in Springel
et al. (2001) and De Lucia & Blaizot (2007) the rate of
reinfall of rejected gas is given by

ṁreinfall = χreinfall

(

meject

tdyn

)

(13)

Here, χreinfall is a free parameter, meject is the mass of the
ejected gas outside of the halo and tdyn = rvir/Vvir is the
dynamical time of the halo. This treatment is quite similar to
that used in simulations which explicitly include large-scale
winds (e.g. Oppenheimer & Davé 2008), however, as noted
above the simulations considered here do not include such a
treatment of winds, and the thermal energy deposition that
is included is not able to drive gas out of the galaxies.

(v) Metal enrichment: To track the production of met-
als, we assume that, together with a parcel of new stars dm∗

a certain mass of metals dMZ = ydm∗ is created and instan-
taneously mixed with the cold gas in the disc. The yield is
assumed to be constant and is treated as free parameter.
Whenever new stars are formed, they are assumed to have
the metallicity of the cold gas at this time step. When metals
get ejected from the disc due to SN-winds, either the metals
are mixed with the hot gas or ejected from the halo into
the ‘diffuse’ IGM in the same proportion as reheated cold
gas. Note that only metal enrichment due to Supernovae
TypeII is tracked. Note that in our simulations we consider
only primordial metallicity cooling and no metal evolution
is included.

(vi) Black hole growth and AGN feedback: Every
“top level” halo (halo with no progenitors) in the merger tree
is seeded with a black hole with mass ∼ 100M". Black holes
can grow by two channels: quasar mode and radio mode.
The quasar mode is the bright mode of black hole growth
observed as optical or X-ray bright AGN radiating at a sig-
nificant fraction of their Eddington limit (L ≈ (0.1−1)LEdd;
Vestergaard 2004; Kollmeier et al. 2006). Such bright AGN
are believed to be fed by optically thick, geometrically thin
accretion disks (Shakura & Sunyaev 1973). In contrast, AGN
activity in the radio-mode is much less dramatic. A large
fraction of massive galaxies are detected at radio wave-
lengths (Best et al. 2007) without showing characteristic
emission lines of classical optical or X-ray bright quasars
(Kauffmann et al. 2008). Their accretion rates are believed
to be a small fraction of the Eddington rate and they are
radiatively extremely inefficient. Even if AGN spend most of
their time in the radio-mode, they gain most of their mass
during the short and Eddington limited episodes of quasar
phases which in the model are assumed to be triggered by
merger events. The energy released during the rapid growth
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Ṁreinc = � Mejected/tdyn = � Mejected
VVir

RVir

Ṁreheated = ✏
⌘SNESN

V 2
max

SFR

Ethermal = �⇥SNESN · SFR = ṀreheatedV
2
max



BH growth & “quasar-mode” AGN feedback

•Every top-level halo contains a seed 
BH of 100-105 M⊙

•Mostly assumed that BH grow via 
gas inflows through mergers (and 
secular evolution processes like disk 
instabilities)

•Accretion rates related to cold gas 
content and merger mass ratio, 
sometimes recipes for merger 
simulations used

• Some (but not many) SAMs account 
for quasar-driven outflows during 
phases of heavy gas accretion

feject / Lquasar,

where Lquasar = ✏rṀ•c
2

conversion efficiency 
of the loss of 

gravitational energy 
into radiation



“Jet-mode” AGN feedback
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• “Radio-mode” feedback: energy due 
to jets released into hot halo

•Mechanical heating power 
generated by BH accretion

•Modified, reduced cooling rate:
ṁcool,new = ṁcool � ṁheat

•Less efficient “hot gas accretion” 
once a static hot halo is present

Croton+06 explains the 
first implementation of 
such a scheme

Lheat = κheat ηrad m ṙadio c2

—> m ḣeat ∝ Lheat

radio



Mergers and environmental effects
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•Mergers lead to starbursts and morphological 
transformation

•Environmental effects mostly affecting 
satellites residing in dense regions:

• Strangulation, Ram-pressure stripping: 
Interaction with hot/cold gas due to ram-
pressure 

• SAMs often assume an instantaneous 
strangulation, i.e. as soon as a galaxy becomes 
a satellite, its hot gaseous halo is entirely 
stripped (i.e. no further cooling)

• Sometimes more sophisticated approaches of 
delayed strangulation/stripping based on 
hydro-simulations

taken from Peng+15

Strangulation

Ram-pressure stripping

Abell 2667

MACS clusters



Free parameters for a typical SAM...
Semi-analytic models and cosmological simulations 7

Table 1. Summary of the galaxy formation parameters in the fiducial model, which are partly deviating from the ones in S08

Parameter Description Fiducial value

Quiescent star formation

AKS Normalization of Kennicutt law 1.67× 10−4 M" yr−1 kpc−2

NK Power-law index in Kennicutt law 1.4
Σcrit Critical surface density 6M" pc−2

Burst star formation

µcrit Critical mass ratio for burst activity 0.1

SN feedback

ε0SN Normalization of reheating fct 1.3
αrh Power-law slope of reheating fct 2.0
Veject Velocity scale for ejecting gas 120 km s−1

χre−infall Time-scale for re-infall of ejected gas 0.1

Chemical evolution

y Chemical yield 1.5

Black hole growth

ηrad Efficiency of conversion of rest mass to radiation 0.1
Mseed Mass of seed black hole 100 M"

fBH,final Scaling factor for mass after merger 0.8
fBH,crit Scaling factor for critical BH mass 0.4

AGN-driven winds

εwind Coupling factor for AGN-driven winds 0.5

Radio-mode feedback

κradio Normalization of ’radio mode’ accretion rate 2× 10−3

κheat Coupling efficiency of radio jets with hot gas 1.0

history of the universe. Note that photo-ionization heat-
ing has very little effect on galaxies with circular velocities
larger than about 30–50 km/s, and therefore plays a minor
role in our study, which mainly focusses on larger galaxies
(Kravtsov et al. 2004).

(iii) Star formation: The SAM distinguishes between
quiescent star formation in isolated disks and merger-driven
starbursts. The quiescent star formation is based on the the
empirical Schmidt-Kennicutt (SK) relation (Kennicutt 1989,
1998). The star formation rate density is calculated accord-
ing to

ΣSFR = AKennΣ
NK
gas (8)

with AKenn = 1.67×10−4 , NK = 1.4, and Σgas is the surface
density of cold gas in the disk. The normalisation uses the
conversion factor appropriate for a Chabrier IMF (Chabrier
2003a). The gas follows an exponential disk (proportional
to the scale-length of the stellar disk) and only gas above
a critical surface density threshold Σcrit (= 6M"/pc2) is
available for star formation.

Star formation during starbursts is driven by merger
events. The star formation rate is assumed to be a func-
tion of the mass ratio and the combined cold gas content of
the merging galaxies, the bulge to total stellar component
and burst timescale. The starburst efficiency as a function
of these variables is based on hydrodynamic simulations of
binary galaxy mergers (see references in S08).

(iv) Supernova feedback: Exploding supernovae de-
posit thermal energy in interstellar medium, which may heat
the cold gas, and in certain situations may drive winds

that unbind the gas from the potential well of the dark
matter halo. In the SAM, these processes are modeled by
removing cold gas from the galaxy and depositing it ei-
ther in the hot gas reservoir, where it can cool again fairly
quickly, or ejecting it from the halo, where it can fall back
again on a longer timescale. We will refer to the former
as “thermal” SN feedback and the latter as “SN-driven
winds”. The SN model includes only the thermal SN FB,
while the SNWM includes both thermal SN feedback and
SN-driven winds. While supernova driven winds have been
implemented in some numerical hydrodynamic simulations
(e.g. Oppenheimer & Davé 2008), only thermal SN feedback
is implemented in the simulations used in this study.

The heating rate of the cold gas is given by

ṁrh = εSN0

(

Vdisk

200 km/s

)αrh

ṁ∗, (9)

where εSN0 and αrh are free parameters and ṁ∗ is the star for-
mation rate. We assume the circular velocity Vdisk to be the
maximum rotation velocity of the dark matter halo, Vmax.
The fraction of reheated gas which is ejected from the halo
into the intergalactic medium (IGM) is given by

feject(Vvir) =

[

1 +

(

Vvir

Veject

)αeject
]−1

(10)

with αeject = 6 and Veject a free parameter (≈ 100 −

150 km/s). This ejected gas can re-collapse onto the halo at
later times and then is available for cooling. As in Springel
et al. (2001) and De Lucia & Blaizot (2007) the rate of re-
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•This SAM (Somerville+08) has 16 free parameters



...tuned to...

• ...match a number of different observational data, mostly at the low 
redshift Universe, as SMF, BH-bulge mass relation, stellar metallicity

• Either tuned “by hand”, or more modern SAMs use Monte-Carlo-
Markov-Chains to explore all different combinations of free parameters

• Investigate predictions for other galaxy properties

• Sometimes tuning to some observational data set not possible (i.e. one 
cannot reproduce “everything” just by re-tuning free parameters)
➡This indicates the need for more fundamental modifications for 

some physical models

Global properties

• Semi-analytic models are able to reproduce a large number of 
observed statistical galaxy properties

• Advantage: flexibility, fast, large number of systems, statistics

• Disadvantage: little spatial information, simplified approximations, many 

free parameters

16 Numerical Cosmology & Galaxy Formation 11 29.06.2016

You can learn most if you encounter a disagreement of your model 
with observational constraints —> you have to understand what is 

necessary to improve!

Having the perfect model from the very beginning which matches 
everything — what would you learn?



Lessons learned from SAMs…

• Without any mechanism which 
prevents gas from cooling in 
massive halos (like jet-mode 
feedback), SAMs cannot be 
brought into agreement with the 
massive end of the stellar mass 
function and decline of SFR 
density at z<0 Croton+06

With “radio-
mode” AGN 
feedback

No fb

30 Hirschmann et al.

Figure B1. Evolution of the GSMF for the fiducial, zDEP and FIRE models based on the Millennium (thin solid lines), and on the
Millennium-II trees (thick solid lines), and compared to observational measurements (black symbols and black lines).

Figure B2. Evolution of the average baryon conversion efficiencies for the fiducial, zDEP and FIRE models based on the Millennium
(thin solid lines) and on the Millennium-II trees (thick solid lines), compared to predictions from subhalo abundance matching methods
(black lines with grey shaded areas). The black dotted line indicates the mass limit, where model predictions start to get more strongly
affected by resolution.
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Figure B1. Evolution of the GSMF for the fiducial, zDEP and FIRE models based on the Millennium (thin solid lines), and on the
Millennium-II trees (thick solid lines), and compared to observational measurements (black symbols and black lines).

Figure B2. Evolution of the average baryon conversion efficiencies for the fiducial, zDEP and FIRE models based on the Millennium
(thin solid lines) and on the Millennium-II trees (thick solid lines), compared to predictions from subhalo abundance matching methods
(black lines with grey shaded areas). The black dotted line indicates the mass limit, where model predictions start to get more strongly
affected by resolution.
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• In addition, SAMs show that stellar 
feedback is a possibility to 
suppress SF in low mass halos



Comparison studies of different SAMs

30

• Different SAMs applied to same 
merger trees based on same 
DM simulation

• Stellar mass function at z=0 and 
at z=2

• Large scatter at the massive 
end at z=0 and at all masses at 
z=2

• Origin of large scatter is 

• the tuning to different 
observational data sets

•the uncertainty of how 
to model baryon physics



What…

31

are the past and current main 
challenges to SAMs?



Past challenges... Evolution of the SMF

32

Origin of the anti-hierarchical growth of black holes 9

Figure 2. Redshift evolution of the stellar mass function (z = 0.5, 1, 2, 3, 4, 5). The solid lines show the FID (green) and the VEDISH
(red) model and the orange dashed lines the DISH model. The black dashed lines depict observations from Ilbert et al. (2010) and the
symbols correspond to observations from a set of observational studies (Pérez-González et al. (2008); Bundy et al. (2005); Drory et al.
(2004); Fontana et al. (2006); Marchesini et al. (2007)). As in most SAMs, the number of low mass galaxies is overestimated
(at all redshifts), while the number of high mass galaxies is underestimated at high z.

shown in Fig. 4. The three panels correspond to the dif-
ferent models (FID: upper panel, DISH: middel panel and
VEDISH: lower panel), where colored lines illustrate the
model results at different redshifts (z = 0, 0.5, 1, 2, 3, 4, 5, 6).
We consider only AGN with bolometric luminosity larger
than 1043.5 erg/s. The grey symbols show the local obser-
vations. We find that the evolution of the active black hole
fraction varies from model to model, implying that our mod-
ifications to the recipes for BH formation and evolution have
a significant influence on the active fraction at all redshifts.
Comparing the DISH model with the FID model we can see
two effects: At high redshifts z ! 3, the number of active
black holes with masses between 106 < M• < 108M! is
greatly increased due to the heavy seeding mechanism and
the large scatter in the accreted gas mass. At low redshifts
z " 1, the number of active black holes with masses be-
low 108.3M! rises as a consequence of the additional gas
accretion due to disk instabilities. Furthermore, as already
seen in Fig. 1, the limited accretion rate in the VEDISH
model reduces the fraction of AGN with massive black holes
(> 108.3M!) at z < 0.5.

6 NUMBER DENSITY EVOLUTION OF AGN

The different panels in Fig. 5 show the redshift evolution of
the AGN number densities as a function of the bolometric
luminosity, for the six different models. In this section, our

SAM predictions are compared to the observational compila-
tion from Hopkins et al. (2007). In their study, they convert
the AGN luminosities from different observational data sets
and thus, from different wavebands (emission lines, NIR,
optical, soft and hard X-ray) into bolometric ones. They
assume a luminosity dependence of the obscured fraction
(the less luminous the more obscured) and the same num-
ber of Compton-thick (NH > 1024 cm−2) and Compton-thin
(1023 cm−2 < NH < 1024 cm−2) AGN. However, there are
many aspects of the obscuration corrections that are still
being vigorously debated. Some recent studies suggest that
the obscured fraction is dependent on both luminosity and
redshift (Hasinger 2008; Fiore et al. 2012), in contrast with
the non-redshift dependent model of Hopkins et al. (2007).
There are also uncertainties surrounding the dust correc-
tion for the UV luminosity; Hopkins et al. (2007) compute
the amount of dust (and therefore extinction), by adopting
an NH distribution from X-ray observations, and a Galactic
dust-to-gas ratio. However, it has been shown that AGN ab-
sorbers do not have a Galactic dust to gas ratio (Maiolino
et al. 2001, 2004). The result is that they probably over-
estimate the extinction, which might result in slightly higher
luminosities for the optically selected quasars (F. Fiore, per-
sonal communication). Because of these uncertainties, we
both compare the obscuration-corrected observational com-
pilation of Hopkins et al. (2007) with our unobscured model
predictions, and in Section 7.2 we attempt to correct our
model predictions for obscuration and compare with recent
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Figure 2. Redshift evolution of the stellar mass function (z = 0.5, 1, 2, 3, 4, 5). The solid lines show the FID (green) and the VEDISH
(red) model and the orange dashed lines the DISH model. The black dashed lines depict observations from Ilbert et al. (2010) and the
symbols correspond to observations from a set of observational studies (Pérez-González et al. (2008); Bundy et al. (2005); Drory et al.
(2004); Fontana et al. (2006); Marchesini et al. (2007)). As in most SAMs, the number of low mass galaxies is overestimated
(at all redshifts), while the number of high mass galaxies is underestimated at high z.

shown in Fig. 4. The three panels correspond to the dif-
ferent models (FID: upper panel, DISH: middel panel and
VEDISH: lower panel), where colored lines illustrate the
model results at different redshifts (z = 0, 0.5, 1, 2, 3, 4, 5, 6).
We consider only AGN with bolometric luminosity larger
than 1043.5 erg/s. The grey symbols show the local obser-
vations. We find that the evolution of the active black hole
fraction varies from model to model, implying that our mod-
ifications to the recipes for BH formation and evolution have
a significant influence on the active fraction at all redshifts.
Comparing the DISH model with the FID model we can see
two effects: At high redshifts z ! 3, the number of active
black holes with masses between 106 < M• < 108M! is
greatly increased due to the heavy seeding mechanism and
the large scatter in the accreted gas mass. At low redshifts
z " 1, the number of active black holes with masses be-
low 108.3M! rises as a consequence of the additional gas
accretion due to disk instabilities. Furthermore, as already
seen in Fig. 1, the limited accretion rate in the VEDISH
model reduces the fraction of AGN with massive black holes
(> 108.3M!) at z < 0.5.

6 NUMBER DENSITY EVOLUTION OF AGN

The different panels in Fig. 5 show the redshift evolution of
the AGN number densities as a function of the bolometric
luminosity, for the six different models. In this section, our

SAM predictions are compared to the observational compila-
tion from Hopkins et al. (2007). In their study, they convert
the AGN luminosities from different observational data sets
and thus, from different wavebands (emission lines, NIR,
optical, soft and hard X-ray) into bolometric ones. They
assume a luminosity dependence of the obscured fraction
(the less luminous the more obscured) and the same num-
ber of Compton-thick (NH > 1024 cm−2) and Compton-thin
(1023 cm−2 < NH < 1024 cm−2) AGN. However, there are
many aspects of the obscuration corrections that are still
being vigorously debated. Some recent studies suggest that
the obscured fraction is dependent on both luminosity and
redshift (Hasinger 2008; Fiore et al. 2012), in contrast with
the non-redshift dependent model of Hopkins et al. (2007).
There are also uncertainties surrounding the dust correc-
tion for the UV luminosity; Hopkins et al. (2007) compute
the amount of dust (and therefore extinction), by adopting
an NH distribution from X-ray observations, and a Galactic
dust-to-gas ratio. However, it has been shown that AGN ab-
sorbers do not have a Galactic dust to gas ratio (Maiolino
et al. 2001, 2004). The result is that they probably over-
estimate the extinction, which might result in slightly higher
luminosities for the optically selected quasars (F. Fiore, per-
sonal communication). Because of these uncertainties, we
both compare the obscuration-corrected observational com-
pilation of Hopkins et al. (2007) with our unobscured model
predictions, and in Section 7.2 we attempt to correct our
model predictions for obscuration and compare with recent
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• Most SAMs (and simulations!!) had/have the problem that they over-
estimate the amount of low-mass galaxies towards higher redshifts

• Observations instead indicate an antihierarchical behaviour

• Evolution of baryons too tightly coupled to hierarchical evolution of 
dark matter halos



Past challenges... Evolution of the SMF

• Different solutions have been proposed over the past decade

• Strong stellar feedback: different scalings for re-heating and ejection 
following hydro-simulations

• Such mechanisms can help to de-couple the evolution of baryons 
from that of DM halos and to reproduce the anti-hierarchical trend

30 Hirschmann et al.

Figure B1. Evolution of the GSMF for the fiducial, zDEP and FIRE models based on the Millennium (thin solid lines), and on the
Millennium-II trees (thick solid lines), and compared to observational measurements (black symbols and black lines).

Figure B2. Evolution of the average baryon conversion efficiencies for the fiducial, zDEP and FIRE models based on the Millennium
(thin solid lines) and on the Millennium-II trees (thick solid lines), compared to predictions from subhalo abundance matching methods
(black lines with grey shaded areas). The black dotted line indicates the mass limit, where model predictions start to get more strongly
affected by resolution.
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Past challenges... Evolution of the SFR

• This delayed stellar mass growth in case of strong stellar feedback 
can also be seen when looking at SFR:

• SFRs of low mass galaxies peak at lower redshift than that of 
more massive galaxies (anti-hierarchical trend)

• Consistent with abundance matching constraints/semi-empirical 
models

Fiducial

FIRE

Abundance matching 
(Moster+13)

•With SAMs, no conclusion on origin for strong outflows possible



Past challenges... Quiescent fractions of sats
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Another long-standing 
problem of most SAMs:

•Select quiescent galaxies 
according to their sSFR

•Quiescent fraction of 
(low-mass) satellites is 
significantly over-
estimated

•Star formation is too 
fast quenched when a 
galaxy becomes a 
satellite —> too short 
quenching time-scales

•Partly related to the 
simplified assumptions 
of instantaneous 
strangulation



Past challenges... Quiescent fractions of sats

•Changing models stellar feedback and environment in GAEA reduces 
quiescent satellite fractions, in a better agreement with that observed

•Strong early stellar feedback makes the galaxies more gas-rich at time of 
infall —> longer/more SF while being a satellite

•Gradual stripping of hot gas, ram-pressure stripping of cold gas instead of 
instantaneous removal of hot gas when becoming a satellite



Challenges... UV luminosity function at z>10

•One of the main current challenges: 
•SAMs fail to predict bright galaxies above z=10 newly observed with JWST!

•What could be the reason for this mismatch?

Yung+23



Challenges... UV luminosity function at z>10

•Possible reasons:  model deficiencies (SF efficiency, stochastic SF, weak 
stellar feedback, top-heavy IMF and/or observational uncertainties

➡ Continuous on-going improvement, but also higher level of complexity…



Pro’s and con’s of SAMs
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CON:
•Little to no spatial information

• Simplified approximations, no direct modelling of a gas fluid

•Many (often degenerate) free parameters

•No possibility of understanding the underlying physical 
processes leading to different, partly more successful recipes

•We can just capture “global trends”, no physically based 
recipes available yet

PRO:
• SAMs are flexible in testing different recipes for different 

physical processes

• SAMs are fast in running over the merger trees 

• and thus, they allow for large statistics with low 
computational costs



Summary

40

•Galaxies form in the potential wells of DM halos: gas gets 
trapped due to gravity, cools, condenses form stars… 

•Galaxy evolution processes: gas cooling, SF, stellar feedback, BH 
growth and feedback, mergers, environmental processes etc. 

•Semi-empirical models helpful to interpret observations in the 
framework of hierarchically growing DM halos

• Useful “observational-like” constraints for models with detailed 
baryon physics

• No insights in the physical processes at all

• Semi-analytic models based on the DM halo merger trees and the 
evolution of baryons is estimated via phenomenologically motivated 
differential equations

• Consistent with many observational constraints, but some 
unresolved issues remain

• Information about global trends of baryon processes, but underlying 
physical driving mechanisms often unclear

• Excellent for a fast testing physical processes in a large cosmological 
volume



Up next…
• Chapter 1: Introduction (galaxy definition, astronomical 

scales, observable quantities — repetition of Astro-I) 

• Chapter 2: Brief review on stars

• Chapter 3: Radiation processes in galaxies and telescopes; 

• Chapter 4: The Milky Way

• Chapter 5: The world of galaxies I

• Chapter 6: The world of galaxies II

• Chapter 7: Black holes and active galactic nuclei

• Chapter 8: Galaxies and their environment; 

• Chapter 9: High-redshift galaxies

• Chapter 10: 


• Cosmology in a nutshell; Linear structure formation in 
the early Universe


• Chapter 11: 

• Dark matter and the large-scale structure 

• Cosmological N-body simulations of dark matter


• Chapter 12: Populating dark matter halos with baryons: 
Semi-empirical & semi-analytical models 


• Chapter 13: Modelling the evolution of gas in galaxies: 
Hydrodynamics


• Chapter 14: Gas cooling/heating and star formation

• Chapter 15: Stellar feedback processes

• Chapter 16: Black hole growth & AGN feedback processes

• Chapter 17: Modern simulations & future prospects

Part I:

Observational 

basics & facts of 
galaxies


first 7 lectures

Part II:

Theory & models 

of

galaxy evolution 

processes

second 7 lectures}

}



Cosmological hydrodynamic simulation
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