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Primordial fluctuations

Baryons collapse
and settle

Galaxies assemble
and take shape

Dark matter structures 
start to form
Baryonic matter follows the 
evolution of DM halos

Gas is trapped in potential 
wells, is shock heated, cools 
and condenses at the center of 
the halos → galaxies form!!

Current picture of galaxy formation
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Dynamical evolution of dark matter
Evolution of dark matter is only driven by 

gravitational forces

Dark matter halos assemble according to hierarchical 
clustering and they can be followed by merger trees 

Analytic approaches 
e.g. Monte-Carlo 

methods based on the 
extended Press-

Schechter formalism 
(EPS, Press & Schechter, 

1974)

Collisionless N-
body simulations 
Single dark matter 
halos have to be 
identified to construct 
merger trees (Frenk et al., 

1988)
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Baryons follow the evolution of dark matter, but gas 
physical processes are more complicated

Modeling galaxy formation

inflow

outflow

Hot 
gas

Cold 
gas

Stars
Black 
hole

gas cooling star formation
AGN accretion

Feedback of energy, mass and metals
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Aim of our study

Direct comparison of simulation and SAM

Understanding and overcoming 
respective model limitations

Previous studies:
● Large galaxy populations (e.g. Helly et al. 2003, Cattaneo 
     et al. 2007, Lu et al. 2010, Benson & Bower 2010)

● Single objects: galaxy cluster (Saro et al., 2010), 
                           disk galaxy (Stringer et al., 2010)
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How can we model galaxy formation??

Modeling galaxy formation

Hydro-simulations
Explicitly solving gas dynamical 

equations

Semi-analytic models
Approximation with physically 

motivated analytic laws

+ More correct treatment of  
   underlying gas physics
+ Self-consistent galaxy formation 
   from initial density fluctuations
- High computational costs
- Sub-resolution models for 
   formation of stars and black holes 

+ Main strength for statistical 
   properties
+ Low computational costs
- Dynamics of the baryon 
  component not directly followed
- Often too simplified models with a 
   large free parameter space
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Aim of our study

Direct comparison of simulation and SAM

Understanding and overcoming 
respective model limitations

48 individual, high-
resolved 

resimulated halos
GADGET2

(Oser et al., 2010)

SAM based on 
same underlying 

dark matter 
evolution

 (Somerville et al., 2008)

Focus on gas physics and stellar mass assembly

OUR study:



6

Methods
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Cosmological zoom simulations
Modeling dark matter

1. Choose 48 halos from a 100 Mpc simulated box
2. Trace particles back in time within 2×rvir

3. Replace them with dark matter particles of higher resolution 
    (mDM = 2.1×107 M, mgas = 4.2×106 M)

Modeling baryonic matter
Entropy conserving formulation of SPH (Springel et al., 2005)

● Radiative cooling for a primordial distribution of He & H (Theuns et al., 1998)

● Photo-ionizing background (Haardt & Madau 1996)

Multiphase hybrid model (Springel & Hernquist, 2003)

● Star formation out of cold gas clouds on a timescale t✶

● Thermal supernova feedback

with
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Merger trees

Mfinal = 5×1011 M

•Extract single halos with 
halofinder FOF and 
Subfind

•Connect halos from 
timestep to timestep:   
1. Search for the most 
massive progenitors    
2. Connect the loose 
ends of the branches 
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Merger trees

Mfinal = 8×1012 M

•Extract single halos with 
halofinder FOF and 
Subfind

•Connect halos from 
timestep to timestep:   
1. Search for the most 
massive progenitors    
2. Connect the loose 
ends of the branches 
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Radiative gas 
cooling 

Photo-ionization: 
Suppression of gas 
collapsing into small 

mass halos

Quiescent star 
formation based on the 

empirical Schmidt-
Kennicutt-law

Star formation 
during a burst 
(triggered by 

mergers)

Supernova 
feedback modeled 
as energy-driven 

winds

Metal enrichment

Black hole growth: 
Radio and Quasar 

mode

Merging history
of the zoom 
simulations

Somerville et al., 2008

Galaxy formation ins SAMs and sims



• Gas cooling: 
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Semi-analytical model

4 Hirschmann et al.

Figure 4. Upper panel: comparison of aggregation history of
the halo mass for two different mass resolutions (2x: red, dot-
ted line and 4x: black, solid line) in the SPH-resimulations of a
2.3 · 1012M! halo. Intermediate panel: Number of minor mergers
(> 10 : 1) as a function of the scale factor a for the two dif-
ferent resolution limits. Lower panel: Number of major mergers
(< 10 : 1) as a function of the scale factor a for the wo different
resolution limits.

3 THE SEMI-ANALYTIC MODEL

For the investigation of the baryonic component we use -
besides the hydrodynamical simulations - the semi-analytic
model described in Somerville et al. (2008). This model is
based on the dark matter merging history of the resimu-
lations and includes photo-ioniziation, cooling of gas, star
formation together with SN feedback and black hole growth
in the radio and quasar mode, which is connected to AGN
feedback. We compare different cases to the baryonic com-
ponent in the hydrodynamical resimulations:

• No feedback at all
• No supernova feedback, but AGN feedback
• No AGN feedback, supernova feedback
• No AGN feedback and no supernova-driven winds
• AGN feedback and supernova feedback

The model, which should match the best the SPH-
resimulations, would be the one without AGN-feedback and
without supernova-driven winds. However, the efficiency of
the supernova-feedback in the resimulations is less pro-
nounced than in the supernove-feedback description of the
SAM-model. Therefore, it is reasonable to compare the gas
behaviour in SPH-resimulation to the SAM-model without
any feedback at all. Since no chemical evolution is included
in the SPH-simulations, we do not consider any evolution
of metallicity in all SAMs assuming a constant primordial
metallicity for all redshifts.

In the following, we will briefly summarize the analytic,
physical laws of the used semi-analytic model. For more de-
tails we refer the reader to Somerville et al. (2008)

3.1 Merging history

3.2 Cooling

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

tcool =
3/2µmpkT

ρg(r)Λ(T, Zh)
(2)

T is the virial temperature, µmp is the mean molecular mass,
ρg(r) is the radial density profile of the gas and Λ(T, Zh)
is the cooling function (temperature and metallicity depen-
dent). The cooling time is the time required for the gas to
radiate away all its energy starting at the virial temperature.
For the gas density profile ρg(r) we assume a isothermal
sphere: ρg(r) = mhot/(4πrvirr

2). Putting this expression in
Eq. 2 we can solve for the cooling radius rcool. Within the
cooling radius all of the gas can cool within a time tcool.
Writing the expression for the mass within rcool and differ-
entiating, we obtain the rate at whih gas can cool:

dmcool

dt
=

1
2
mhot

rcool

rvir

1
tcool

(3)

Following Springel et al. (2001) and Croton et al. (2006) we
assume that the cooling time is equal to the halo dynamical
time tcool = tdyn = rvir/Vvir.

3.3 Photo-ionization

As cooling, photo-ionization is included in all models, which
we consider. Photo-ionization heating causes halos below a
certain filtering mass MF to have a lower baryon fraction
than than the universal average. The collapsed baryon frac-
tion as a function of redshift and halo mass is parameterized
by the expression:

fb,coll(z, Mvir) =
fb

[1 + 0.26MF (z)/Mvir]3
(4)

where fb is the universal baryon fraction and Mvir is the
halo virial mass. The filtering mass is a function of redshift,
which depends on the reionization history of the universe.

c© 2002 RAS, MNRAS 000, 1–8

tcool = tdyn =
rvir
vvir

rcool is defined as the point, where

White & Frenk, 1991
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Figure 4. Upper panel: comparison of aggregation history of
the halo mass for two different mass resolutions (2x: red, dot-
ted line and 4x: black, solid line) in the SPH-resimulations of a
2.3 · 1012M! halo. Intermediate panel: Number of minor mergers
(> 10 : 1) as a function of the scale factor a for the two dif-
ferent resolution limits. Lower panel: Number of major mergers
(< 10 : 1) as a function of the scale factor a for the wo different
resolution limits.

3 THE SEMI-ANALYTIC MODEL

For the investigation of the baryonic component we use -
besides the hydrodynamical simulations - the semi-analytic
model described in Somerville et al. (2008). This model is
based on the dark matter merging history of the resimu-
lations and includes photo-ioniziation, cooling of gas, star
formation together with SN feedback and black hole growth
in the radio and quasar mode, which is connected to AGN
feedback. We compare different cases to the baryonic com-
ponent in the hydrodynamical resimulations:

• No feedback at all
• No supernova feedback, but AGN feedback
• No AGN feedback, supernova feedback
• No AGN feedback and no supernova-driven winds
• AGN feedback and supernova feedback

The model, which should match the best the SPH-
resimulations, would be the one without AGN-feedback and
without supernova-driven winds. However, the efficiency of
the supernova-feedback in the resimulations is less pro-
nounced than in the supernove-feedback description of the
SAM-model. Therefore, it is reasonable to compare the gas
behaviour in SPH-resimulation to the SAM-model without
any feedback at all. Since no chemical evolution is included
in the SPH-simulations, we do not consider any evolution
of metallicity in all SAMs assuming a constant primordial
metallicity for all redshifts.

In the following, we will briefly summarize the analytic,
physical laws of the used semi-analytic model. For more de-
tails we refer the reader to Somerville et al. (2008)

3.1 Merging history

3.2 Cooling

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

tcool =
3/2µmpkT

ρg(r)Λ(T, Zh)
(2)

T is the virial temperature, µmp is the mean molecular mass,
ρg(r) is the radial density profile of the gas and Λ(T, Zh)
is the cooling function (temperature and metallicity depen-
dent). The cooling time is the time required for the gas to
radiate away all its energy starting at the virial temperature.
For the gas density profile ρg(r) we assume a isothermal
sphere: ρg(r) = mhot/(4πrvirr

2). Putting this expression in
Eq. 2 we can solve for the cooling radius rcool. Within the
cooling radius all of the gas can cool within a time tcool.
Writing the expression for the mass within rcool and differ-
entiating, we obtain the rate at whih gas can cool:

dmcool

dt
=

1
2
mhot

rcool

rvir

1
tcool

(3)

Following Springel et al. (2001) and Croton et al. (2006) we
assume that the cooling time is equal to the halo dynamical
time tcool = tdyn = rvir/Vvir.

3.3 Photo-ionization

As cooling, photo-ionization is included in all models, which
we consider. Photo-ionization heating causes halos below a
certain filtering mass MF to have a lower baryon fraction
than than the universal average. The collapsed baryon frac-
tion as a function of redshift and halo mass is parameterized
by the expression:

fb,coll(z, Mvir) =
fb

[1 + 0.26MF (z)/Mvir]3
(4)

where fb is the universal baryon fraction and Mvir is the
halo virial mass. The filtering mass is a function of redshift,
which depends on the reionization history of the universe.

c© 2002 RAS, MNRAS 000, 1–8

rcool < rvir: ‘hot mode’ cooling: shock-heating

rcool > rvir: ‘cold mode’ cooling, cooling rate 
                 limited by accretion rate

tcool(r) =
3/2µmpkT

ρg(r)Λ(T, Zh)
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Semi-analytical model
• Quiescent star formation: Schmidt-Kennicutt-relation

ΣSFR = AKennΣ
NK
gas

Σthr = 6 M⊙pc
−2

NK = 1.4

AKenn = 1.6× 10−4M⊙yr
−1kpc−2

Comparison of semi-analytic models with cosmological re-simulations 5

3.4 Star formation

Our SAM-code distiguishes between quiescent star forma-
tion and merger-driven starbursts. For the quiescent star
formation we use a star formation recipe on the basis of the
empirical Schmidt-Kennicutt law (Kennicutt 1989, 1998).
The star formation rate density is calculated by:

Σ̇SFR = AKennΣNK
gas (5)

with AKenn = 1.67 × 10−4, NK = 1.4, and Σgas is the sur-
face density of cold gas in the disk. The normalisation was
tuned for a Chabrier IMF. We assume that the gas profile
is an exponential disk (proportional to the scale-length of
the stellar disk) and that only gas lying on surface densities
above a critical surface density threshold Σcrit (= 6M"/pc2)
is available for star formation.

3.5 Supernova feedback

Cold gas gets reheated through energy release from super-
nova explosions and the cold gas may be ejected from the
galaxy by supernova-driven winds. The rate of reated cold
gas can be calculated with:

ṁrh = εSN
0

„

Vdisk

200km/s

«αrh

ṁ∗ (6)

where εSN
0 and αrh are free parameters. We assume the ciru-

lar velocity to be the maximum rotation velocity of the dark
matter halo, Vmax. The heated gas can either stay within
the dark matter halo as hot gas, or, if the supernova-driven
winds are strong enough, the heated gas can be ejected from
the halo into the intergalactic medium (IGM). The fraction
of reheated gas, which is ejected from the halo, is given by:

feject(Vvir) =

»

1 +

„

Vvir

Veject

«αeject
–−1

(7)

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

150km/s). This rejected heated gas can recollapse into the
halo at later time and can be available again for cooling. As
in Springel et al. (2001) and ?) the rate of reinfall of rejected
gas is given by:

ṁreinfall = χreinfall

„

meject

tdyn

«

(8)

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.

3.6 Growth of supermassive black holes

4 TIME EVOLUTION OF GALAXY

PROPERTIES

Mcold, Mstar, Mhot as function of lookback time/redshift for
three different mass bins

5 GLOBAL PROPERTIES

- Msam/MSPH as fct. of MDM for z=0,1,2,3 and for cold,
hot gas and stars

Figure 5. Fraction of mean stellar mass of total baryonic mass
as function of lookbacktime/redshift for different semi-analytic
models and for the SPH-resimulation. The upper panel shows the
high mass bin with 6∗1012M" < MDM < 3.3∗1013M", the mid-
dle panel shows the intermediate mass bin with 1.6 ∗ 1012M" <

MDM < 6 ∗ 1012M" and the lower panel corresponds to halo
masses between 2.4 ∗ 1011M" < MDM < 1.6 ∗ 1012M".

- Mgalaxy as fct of MDM for z= 0,1,2,3 in comp. with
Moster-fit

- Conversion efficiency: Mgal/(fbar ∗MDM ) as function
of MDM , compared to results from Guo et al. (2009); Moster
et al. (2009)

c© 2002 RAS, MNRAS 000, 1–8

• Supernova feedback: energy-driven winds

ṁreinfall = χreinfall

�
meject

tdyn

�

ṁrh = �SN0

�
Vdisk

200 km/s

�−2

ṁ∗



For a fair comparison we consider different SAM 
versions: 

•NF: No feedback, no metals

•SN: Only thermal SN feedback (i.e. feject=0)

•SNWM: Thermal SN feedback & winds & metal cooling

•FULL: Full model, including AGN feedback

Galaxy formation ins SAMs and sims

4

Semi-analytical model

}Comparable 
to 

simulations
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Results
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• In simulations and SAMs baryon

   fraction < 1: 

   --stars and cold gas in the central

      galaxy (within 1/10 rvir)

    -- hot gas in the halo (within rvir)

•  High mass bin: agreement between 
simulations & FULL model

• Intermediate & low mass bin: 
agreement between simulations & NF 
model

Redshift

4.5×1012 M < Mhalo < 3.3×1013 M 

1.2×1012 M < Mhalo < 4.5×1012 M 

2.4×1011 M < Mhalo < 1.2×1012 M 
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Redshift
Galaxy formation ins SAMs and sims

Redshift evolution of the 
baryons

Lookback time (Gyrs)
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•Condensed baryons

•Decreasing fraction with 
decreasing time in simulations 
and SAMs

•For the whole redshift range: 
good match between simulations 
and NF model

4.5×1012 M < Mhalo < 3.3×1013 M 

1.2×1012 M < Mhalo < 4.5×1012 M 

2.4×1011 M < Mhalo < 1.2×1012 M 
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M
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Redshift

Galaxy formation ins SAMs and sims

Redshift evolution of 
cold gas and stars

Lookback time (Gyrs)
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• For z > 3, relatively good 
agreement for SAMs and 
simulations 

•Rapid depletion of cold gas in 
simulations due to more 
efficient conversion into stars

Galaxy formation ins SAMs and sims

Redshift evolution of 
cold gas

1.2×1012 M < Mhalo < 4.5×1012 M 

2.4×1011 M < Mhalo < 1.2×1012 M 
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4.5×1012 M < Mhalo < 3.3×1013 M 

Lookback time (Gyrs)
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• z < 0.6: good agreement 
between NF model & 
simulations 

•Efficient star formation at z > 1 in 
simulations

•Changing normalization in SK-
relation in SAMs

τ = 0.1

ΣSFR = AKenn/τ ΣNK
gas

Galaxy formation ins SAMs and sims

Redshift evolution of stars 

4.5×1012 M < Mhalo < 3.3×1013 M 
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Redshift

1.2×1012 M < Mhalo < 4.5×1012 M 

Lookback time (Gyrs)

2.4×1011 M < Mhalo < 1.2×1012 M 
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• Larger SFR in simulations at z 
> 3 than in SAMs

• Strong decrease of SFR in 
simulations

• Changing normalization in SK-
relation in SAMs matches 
simulations better at high z

1.2×1012 M < Mhalo < 4.5×1012 M 

4.5×1012 M < Mhalo < 3.3×1013 M 

2.4×1011 M < Mhalo < 1.2×1012 M 
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Galaxy formation ins SAMs and sims

Redshift evolution of SFRs 

Lookback time (Gyrs)
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Why efficient star formation in sims?
Simulations

clumpy cold gas structure
SAMs 

smooth gas distribution

Σgas,i =
Mcl

πr2cl

ΣSFR,i = AKS ×
�
Mcl

πr2cl

�1.4

SFRi = AKS ×
�
Mcl

πr2cl

�1.4

× πr2cl

ΣSFR,i = AKS ×
�

Mi

π(r2i+1 − r2i )

�1.4

Σgas,i =

�
Mi

π(r2i+1 − r2i )

�

SFRi = AKS ×
�

Mi

π(r2i+1 − r2i )

�1.4

× π(r2i+1 − r2i )

= AKS ×
�

Mi

πr2cl

�1.4

× πr2cl ×
4(2i+ 1)

(4(2i+ 1))1.4

Mi = Mcl

ri = 2ircl

SFRtot,clumpy > SFRtot,smooth
< 1

i :=number of radial bin

xri

r2i+1 − r2i = 4r2cl(2i+ 1)



Galaxy formation ins SAMs and sims

12

In-situ versus 
accreted star 
formation

•Simulations: at z > 3 
insitu formed star 
fraction is dominating, 
at z < 2 accretion of 
stars becomes 
dominant

•SAMs: For all redshift, 
insitu star formation is 
dominating 

4.5×1012 M < Mhalo < 3.3×1013 M 

1.2×1012 M < Mhalo < 4.5×1012 M 

2.4×1011 M < Mhalo < 1.2×1012 M 
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Redshift Redshift
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Normalized to 
final star mass
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<
M
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ar
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<
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<
M

st
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1.2×1012 M < Mhalo < 4.5×1012 M 

4.5×1012 M < Mhalo < 3.3×1013 M 

2.4×1011 M < Mhalo < 1.2×1012 M 

Insitu

Insitu

Insitu

Accreted

Accreted

Accreted

Redshift Redshift

In-situ versus 
accreted star 
formation

Lookback time (Gyrs) Lookback time (Gyrs)

Absolute star 
masses

•SAMs: too much 
insitu star formation in 
high mass objects
⇒Gravitational heating?

•SAMs: too less star 
formation in accreted 
systems onto low-
mass galaxies

⇒Delayed strangulation?
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•Good agreement for z < 1.5 
between simulations and NF 
model

•z > 2 & high mass halos: too large 
hot gas content in SAMs, in 
particular without metal cooling

•Too inefficient cold flows at high z 
in SAMs??

1.2×1012 M < Mhalo < 4.5×1012 M 

4.5×1012 M < Mhalo < 3.3×1013 M 
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Redshift

Galaxy formation ins SAMs and sims

Redshift evolution of hot 
gas

Lookback time (Gyrs)
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Galaxy formation ins SAMs and sims

Hot & cold 
mode accre-
tion

Hot mode

Hot mode

Cold mode

Cold mode
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1.2×1012 M < Mhalo < 4.5×1012 M 

4.5×1012 M < Mhalo < 3.3×1013 M 

2.4×1011 M < Mhalo < 1.2×1012 M 

Hot mode

Cold mode

Redshift Redshift

Hot mode

Hot mode

Cold mode

Cold mode

Lookback time (Gyrs) Lookback time (Gyrs)

•Simulations: for z > 
1 cold accretion is 
dominating

•SAMs: Too less cold 
accretion, in particular 
for models w/o metals

• Too simplified recipe in 
SAMs: No 
simultaneous cold and 
hot mode accretion

⇒Gravitational heating?
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M✶-Mhalo-
relation

•SAMs: stronger 
SN fb at z>2?

•Simulations: AGN 
feedback for 
high-mass end

•Simulations: 
stronger SN 
feedback for low-
mass end
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SFR-M✶-relation

•Simulations: too small SFRs

•Only SF galaxies in NF model

•Best agreement between FULL model  
& observations

•Star-forming galaxies:

•Non-star-forming galaxies:
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Franx et al., 2008
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Summary: Limitations of both approaches
Simulations SAMs

Best agreement for NF model

● Very efficient star formation, 
     → clumpy cold gas structure
 
● Accretion of stars is 
   dominating at z < 2

● Efficient cold flows at high z

● Too weak SN feedback at all z

● Missing AGN feedback

● Less efficient star formation
   → smooth gas distribution

● In-situ star formation is 
   dominating at all z

● Inefficient cold flows at all z

● Too weak SN feedback at high z
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Next steps???
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Next steps...

High-resolved simulations
including enhanced physics

Improving recipes in
Semi-analytic models

● Perform re-simulations with 
   a code including SN-winds 
   and metal cooling, compare 
   the effect to SAMs

● Study the effect of different 
   types of AGN feedback in 
   simulations, compare to 
   SAMs

● Cooling recipe:
   Fitting the ratio of hot & 
   cold mode accretion and 
   implement it in SAM

● Gravitational heating

● Improve satellite physics:
   Delayed strangulation and 
   dependence on the halo 
   potential well
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Effect of SN feedback & metals

Zoom simulations
- metal cooling
- SN driven winds
- stellar mass loss from 
  SNII/Ia and AGB stars 
  e.g. Oppenheimer & Dave, 2008

Semi-analytic models 
based on the same 

merger history
different stripped-down 

versions

Assess the limitations of both methods 
concerning metal cooling & SN-winds

Direct comparison of
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Preliminary results: winds & metals
Old Winds & metals

More cold gas
later star formation

Efficient star formation
rapid cold gas depletion

Mfinal = 6×1012 M
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Preliminary 
results: winds 
& metals

Mfinal = 6×1012 M

•Stars: less efficient 
star formation at 
high z

•Cold gas: weaker 
decrease

•Hot gas: smaller 
mass at z < 1
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Preliminary results: winds & metals
Old Winds & metals

More cold gas
less star formation

Efficient star formation
rapid cold gas depletion

Mfinal = 3×1011 M



Preliminary 
results: winds 
& metals
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Mfinal = 3×1011 M

•Stars: less efficient 
star formation at all  
z

•Cold gas: almost 
constant evolution

•Hot gas: best 
agreement with NF 
model

Winds & metals
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Preliminary results: winds & metals

Baryon conversion efficiency

e.g. Wake et al. 2010:
Conversion efficiency for larger 

z (=1,2)
Shifting peak towards larger 

halo masses
“Halo downsizing”

Are current 
implementations in SAMs 

and Sims sufficient??

z = 0

AGN feedback??
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Tentative summary
● SN-Winds have a significant influence on suppressing SF, in 
   particular at high redshifts (better match to SNWM/FULL 
   models) 
● Metals increase the amount of the cold gas content, but cold 
   gas is probably blown out of the central, star-forming regions and  
   thus, not available for star formation

But:

● Larger number of simulations has to 
  be analysed
● More careful analysis of metals and 
   winds separately
● Additional implementation of stellar mass 
   loss from AGB and SNIa into SAMs
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High-res resimulations 
of individual halos

Observational 
studies

Better understanding 
of galaxy formation 

and evolution

SAMs including 
refined recipes

- gravitational 
  heating
- SNIa &AGB  
  stars 
- Cooling 
  recipe

OUTLOOK...

Galaxy formation ins SAMs and sims

with 
enhanced 
physics
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