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σ8  = 0.82
h = 0.70

Cosmological parameters are consistent with 
the latest observations

Force and Mass Resolution are nearly an
order of magnitude better than Millennium-I

Force resolution is the same as Millennium-II, 
in a volume 16x larger

Halo finding is complete to Vcirc > 50 km/s, 
using both BDM and ROCKSTAR halo finders

Bolshoi and MultiDark halo catalogs were 
released in  September 2011 at Astro Inst 
Potsdam; Merger Trees will soon be available

0



BOLSHOI 
Merger Tree 

Peter Behroozi, et al.



BIG BOLSHOI1000 Mpc/h

Anatoly Klypin, Stefan Gottloeber, Joel Primack, Gustavo Yepes, et al.

7 kpc/h resolution, complete to Vcirc > 170 km/s



Zoom-in on the Largest Cluster in BIG BOLSHOI

Anatoly Klypin, Stefan Gottloeber, Joel Primack, Gustavo Yepes, et al.



MultiDark Hydro Simulation of Largest Cluster in BIG BOLSHOI

Anatoly Klypin, Stefan Gottloeber, Joel Primack, Gustavo Yepes, et al.



Galaxy 2-point correlation function at the present epoch.
Springel et al. 2005

dark matter

simulated galaxies

observed galaxies (2dF)

UNDERSTANDING GALAXY CORRELATIONS



Kravtsov, Berlind, Wechsler, Klypin, Gottloeber, Allgood, & Primack 2004

ΛCDM + HAM*
PREDICTS
EVOLUTION
IN THE GALAXY
CORRELATION
FUNCTION
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n(>Vmax,acc)=n(>L)

 Conroy, 
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Kravtsov 
2006, ApJ 647, 201
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Galaxy clustering in SDSS at z~0
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n(>Vmax,acc)=n(>L)

 Conroy, 
Wechsler & 
Kravtsov 06
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and at redshift z~1 (DEEP2)!

BRIGHT
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DM halos



n(>Vmax,acc)=n(>L)

 Conroy, 
Wechsler & 
Kravtsov 06
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and at z~4-5 (LBGs, Subaru)!!

BRIGHT

FAINT

DM halos
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To investigate the statistics of galaxies and their relation to host DM halos as 
predicted by the LCDM model, we predicted the properties of our model galaxies 
using the following Halo Abundance Matching (HAM) procedure:

1. Using the merger tree of each DM halo and subhalo, obtain Vacc = the peak value 
of the circular velocity over the history of the halo (this is typically the maximum 
circular velocity of the halo when the halo is first accreted). Perform abundance 
matching of the velocity function of the halos to the LF of galaxies to obtain the 
luminosity of each model galaxy.

2. Perform abundance matching of the velocity function to the stellar mass function 
of galaxies to obtain the stellar mass of each model galaxy.

3. Use the observed gas-to-stellar mass ratio as a function of stellar mass to assign 
cold gas masses to our model galaxies. The stellar mass added to the cold gas 
mass becomes the total baryonic mass.

4. Using the density profiles of the DM halos, obtain the circular velocity at 10 kpc 
(V10) from the center of each halo. Multiply the DM mass, as it comes from 
simulations, by the factor (1 − fbar), where fbar is the cosmological fraction of baryons. 
This is the dark-matter-only contribution.  Add the contribution to V10 of the baryon 
mass from step 3 assuming it is enclosed within a radius of 10 kpc.

5. Optionally implement the BFFP86 correction to V10 due to the adiabatic 
contraction of the DM halos from the infall of the baryon component to the center.

Halo Abundance Matching Trujillo-Gomez, Klypin, Primack, 
& Romanowsky ApJ 2011



Bolshoi wp(rp) by Halo 
Abundance Matching vs. 
SDSS Observations

Trujillo-Gomez, Klypin,
Primack, & Romanowsky 2011

The correlation 
function of SDSS 
galaxies vs. Bolshoi 
galaxies using halo 
abundance matching, 
with scatter using our 
stochastic abundance 
matching method.  
This results in a better 
than 20% agreement 
with SDSS.  Top left: 
correlation functinon 
in three magnitude 
bins, showing Poisson 
uncertainties as thin 
lines.  Remaining 
panels: correlation 
function in each 
luminosity bin 
compared with SDSS 
galaxies (points with 
error bars: Zehavi et 
al. 2010).



Millennium-I and II
wp(rp) by SAM vs. 
SDSS Observations

MS
MS-II

The correlations
are seriously 
overestimated at 
small separations for 
lower masses 
because the high σ8 
= 0.90 produces too 
many massive 
halos, which contain 
pairs of such 
subhalos.

Guo, White, et al. 
2011 MN



The  Milky Way has two large satellite galaxies, 
the small and large Magellanic Clouds

The Bolshoi simulation predicts the likelihood of this



Statistics of MW-satellite analogs

Search SDSS DR7 Co-Add data to look for analogues of the LMC/SMC in extragalactic hosts
SDSS Co-Add Data:

Stripe-82 in the SDSS was observed ~370 times, complete to observed magnitude limit Mr = 23.6 
over ~270 sq. deg; main sample spectroscopy (mostly) complete down to Mr = 17.77
Photometric redshifts calculated for the remaining objects using a template method.

Training/validation set taken from CNOC2, SDSS main, and DEEP2 samples.
Measured scatter:  Δz = 0.02

23,000 spectroscopic galaxy (non-QSO) candidates in Stripe 82 with mr < 17.77
Magnitude Cuts:

Identify all objects with absolute 0.1Mr = -20.73±0.2 and observed mr < 17.6
Lets us probe out to z = 0.15, a volume of roughly 500 (Mpc/h)3

leaves us with 3,200 objects.
Isolation Criteria: exclude objects in clusters, since those are likely biased -- exclude candidates 
with neighbors brighter than itself within a cylinder defined by:

radial distance 1000 km/s -- the velocity dispersion of a typical cluster and Δz ≈ 0.01 at our 
relevant redshifts.  
projected angular distance Riso = 0.7 Mpc
leaves us with 1,332 hosts.

Liu, Gerke & Wechsler 

Risa Wechsler



Apply the same absolute 
magnitude and isolation cuts 
to Bolshoi+SHAM galaxies as 
to SDSS:

Identify all objects with 
absolute 0.1Mr = -20.73±0.2 
and observed mr < 17.6
Probe out to z = 0.15, a 
volume of roughly 500 (Mpc/
h)3

leaves us with 3,200 objects.

Comparison of Bolshoi with 
SDSS observations is in 
close agreement, well within 
observed statistical error 
bars.

Statistics of MW bright satellites: 
SDSS data vs. Bolshoi simulation

Mr,host = -20.73±0.2
Mr,sat = Mr,host + (2−4)
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Busha et al 2010

Risa Wechsler

# of Subs Prob (obs) Prob (sim)
0 60% 61%
1 22% 25%
2 13% 8.1%
3 4% 3.2%
4 1% 1.4%
5 0% 0.58%

Every case agrees within observational errors!

Observations & Theory
agree pretty well!



Similarly good 
agreement with SDSS 
for brighter satellites 
with spectroscopic 
redshifts compared 
with Millennium-II 
using abundance 
matching.

Real Pairs

False Pairs

Good agreement 
between simulated 
and observed pairwise 
velocities



Comparison of best-fit model of Behroozi, Conroy, Wechsler (2010) at 
z = 0.1 to previously published results.

STELLAR MASS – HALO MASS RELATION

(Mstar/Mh)max= 5%,  Mstar/Mbar= 35%
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Comparison of best-fit model of Behroozi, Conroy, Wechsler (2010) at 
z = 0.1 to previously published results.

STELLAR MASS – HALO MASS RELATION
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Figure 13. Evolution of the derived stellar mass fractions for central galax-
ies, from z = 4 to the present. The best–fit relations are shown only over the
mass range where constraining data are available. At higher redshifts, cer-
tainty about the shape of the curves drops precipitously owing to a lack of
constraining data beyond the knee of the stellar mass function. Combined
systematic and statistical error bars are shown for three redshift bins only.

of the SM–HM relation. However, the indication is that the
mass corresponding to the peak efficiency for star formation
evolves slowly, and is roughly a factor of five larger at z = 4.
At all redshifts, the integrated star formation peaks at ∼ 10-
20 per cent of the universal baryon fraction; the current data
indicates that this value may start high at very high redshifts,
shrink as halos grow faster than they form stars, and then start
growing again after z = 2. However, with current uncertain-
ties these results are tenuous. The single most effective way
to reduce current uncertainties on both the SM–HM relation
at individual redshifts and on its evolution is to conduct more
high-redshift galaxy surveys, both to probe fainter galaxies to
determin the shape of the GSMF and to get better statistics at
the high mass end.

6. DISCUSSION AND IMPLICATIONS
At z ∼ 0, the majority of published results are in accord

within our full systematic error bars, regardless of the tech-
nique used. All reported results appear to be consistent with
the principles necessary for abundance matching over a wide
range of halo masses (1011−1015 M!)—that each dark matter
halo and subhalo above the masses we have considered hosts
a galaxy with a reasonably tight relationship between their
masses, and that average stellar mass — halo mass relation
increases monotonically with halo mass.

Because of the available statistics of halo and galaxy stel-
lar mass functions, especially at z = 0, the technique of abun-
dance matching offers the tightest constraints on the SM–HM
relation currently available, and it is in agreement with results
from a broad variety of additional techniques. Under the as-
sumption that systematic errors in stellar mass calculations do
not change substantially with redshift, abundance matching
offers tight constraints on the evolution of the SM–HM rela-
tion from z = 1 to the present. These in turn will serve as im-
portant new tests for star formation prescriptions and recipes
in both hydrodynamical simulations and semi-analytic mod-
els, as they will apply on the level of individual halos instead
of on the simulated volume as a whole.

At the same time, abundance matching offers these con-

straints with a minimal number of parameters. The Halo
Occupation Distribution (HOD) technique requires modeling
P(N|Mh), the probability distribution of the number of galax-
ies per halo as a function of halo mass, in several different lu-
minosity bins. In the model proposed in Zheng et al. (2007),
this results in 45 fitted parameters just to models the occupa-
tion at z = 0 (five parameters for nine luminosity bins). Condi-
tional Luminosity Function (CLF) modeling requires param-
eterizing a form for φ(L,Mh), the number density of galaxies
as a function of luminosity and host halo mass, which results
in approximately a dozen parameters to model occupation at
z = 0 (Cooray 2006). Because of the additional constraints im-
posed by assuming that each halo hosts a galaxy, our approach
uses fewer parameters. Abundance matching, as discussed in
this paper, results in a model with only six independent pa-
rameters (five to empirically fit the derived SM–HM relation,
and one to model the scatter in observed stellar masses at fixed
halo mass) to describe the population of galaxies in halos.

The abundance matching approach to the SM–HM relation
requires so few parameters in comparison to other methods
because of the fairly small scatter (≈ 0.16 dex) between stellar
mass and halo mass at high masses (the scatter has a negligi-
ble impact on the average SM–HM relation at lower masses),
and the requirement that satellite galaxies live in satellite ha-
los (subhalos). It may well be that a more complicated model
must be adopted for satellites to quantitatively match the
small-scale clustering observations (e.g. Wang et al. 2006).
However, such changes will affect the clustering much more
than the derived SM–HM relation, as suggested by the min-
imal changes in Figures 7 and 10 for mass scales (! 1012.5

M!) where satellites are a non-negligible fraction of the total
halo population.

The largest uncertainties in the SM — HM relation at z< 1
come from assumptions in converting galaxy luminosities into
stellar masses, which amount to uncertainties on the order of
0.25 dex in the normalization of the relation. However, the
systematic biases introduced by the combined sources of scat-
ter between calculated stellar masses and halo masses can rise
to equivalent significance for halos above 1014.5 M!. Because
the GSMF is monotonically decreasing, results which do not
account for all sources of scatter in stellar mass will over-
predict the average stellar mass in halos by 0.17-0.25 dex for
these massive halos.

Using abundance matching to find confidence intervals for
the SM–HM relation is an even more involved process, as
each of the ways in which the systematics might vary must
also be taken into account. While future work on constrain-
ing stellar masses will be the most valuable in terms of re-
ducing uncertainties for the lowest redshift data, wider and
deeper surveys and some resolution to the discrepancy be-
tween high-redshift cosmic star formation density and stellar
mass functions must occur in order to improve constraints on
the relation at high redshifts.

As mentioned in the introduction, abundance matching may
be used equally well to assign galaxy luminosities and colors
to halos. In this case, the galaxy luminosity — halo mass
relation may be derived using identical methodology to that
presented in §3, with the exception that the systematics µ and
κ may be neglected, leaving only σ(z) (effectively, the redshift
scaling of photometry errors) and ξ (effectively, the scatter in
luminosity at fixed halo mass). As these systematics are much
better constrained than their stellar mass counterparts (simply
as luminosities may be measured directly), this approach can

At higher redshifts



steeper slope LF

median Vcirc with AC

median Vcirc without ACLuminosity-Velocity 
Relation

Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky 

arXiv: 1005.1289

ApJ

“AC” = Adiabatic Contraction of 
dark matter halos when baryons 
cool & condense to halo centers,

following Blumenthal, Faber, 
Flores, & Primack 1986

Bolshoi
Sub-Halo
Abundance
Matching

Theory & Observations
Agree Pretty Well



Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky 

arXiv: 1005.1289

ApJ 

Bolshoi
Sub-Halo
Abundance
Matching

Baryonic Mass - Velocity 
Relation

Theory & Observations
Agree Pretty Well



Velocity 
Function

observed VF
(HIPASS + 

SDSS)

theoretical 
VF with AC

theoretical VF 
without AC

Discrepancy due to
incomplete observations 

or ΛCDM failure?

Trujillo-Gomez, 

Klypin, Primack, 

& Romanowsky 

ApJ

 

Theory & Observations
Agree Pretty Well

Bolshoi
Sub-Halo
Abundance
Matching



Klypin, Karachentsev, Nasonova 2012

Total sample:   813 galaxies
Within 10Mpc:    686
       MB<-13  N=304
       MB<-10  N=611

80-90% are spirals or dIrr (T>0)

Accuracy of distances are 8-10%

80% with D<10Mpc have HI 
linewidths

Vrot = 
  150x10^(-(20.5+MB)/8.5)km/s

Local Volume: D <10Mpc

Distribution of observed line-widths     
(similar after correction for inclination)

No disagreement 
for V > 60 km/s

A factor of two disagreement at  V = 40 km/s

ΛCDM

Presented at KITP Conference “First Light and Faintest Dwarfs” Feb 2012

Deeper Local Survey -- better 
agreement with ΛCDM but 
still more halos than galaxies 
below 50 km/s



Bolshoi simulations - recent progress

Anatoly Klypin has improved his BDM halofinder.   It now finds the spin 
parameter, concentration, and shape and orientation of all halos. It also 
produces catalogs for both “virial” and overdensity-200 halo definitions.  
Results on all 180 stored timesteps of the Bolshoi simulation will be 
finished in a week or so.  Peter Behroozi has written a new phase-space 
halofinder that finds subhalos better in the central regions of larger halos.

All catalogs are finished for BigBolshoi-1(MultiDark), which has the same 
cosmology as Bolshoi in a volume 64x larger.   It has 7 kpc/h resolution, and 
is complete to Vcirc > 170 km/s (so all MWy-size halos are found).  
BigBolshoi simulations can now be run and analyzed in one week; two more 
are planned to get statistics for BOSS.  Merger trees are coming soon.

http://www.multidark.org/MultiDark/
All catalogs are available at Astrophysicalishes Institut Potsdam:

We hope to have more up soon, including merger trees.
(You have to get an account there.)

A new miniBolshoi simulation is runing now.  It will have a force 
resolution of about 100 pc and a mass resolution of about 106 Msun 
and it will be complete to 15 km/s or better.  We will have complete 
merger histories and substructure for hundreds of MWy-size halos.

●

●

●

●

http://www.multidark.org/MultiDark/
http://www.multidark.org/MultiDark/


ΛCDM:
hierarchical formation 
(small things form first)

“Downsizing”:
massive galaxies are old, star

formation moves to smaller galaxies

small structures

large structures

early

late

large galaxies

small galaxies

ΛCDM vs. Downsizing



ΛCDM:
hierarchical formation 
(small things form first)

“Downsizing”:
massive galaxies are old, star

formation moves to smaller galaxies

How are these 

processes related?
mass assembly star formation history

present-day structure current stellar population

= =

simulations (DM) semi-analytic models

ΛCDM vs. Downsizing



©          Nature Publishing Group1984

©          Nature Publishing Group1984

©          Nature Publishing Group1984

Blumenthal, Feber, Primack, & Rees  --  Nature 311, 517 (1984)

Star 
Forming 

Band:
1010 - 1012

Msun
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Implications and 

Predictions of the Model

1) Each halo has a unique dark-matter 
growth path and associated stellar mass 
growth path.

3) A mass sequence comes from the fact that different halo masses 
enter the star-forming band at different times.  A galaxy’s position is 
determined by its entry redshift into the band.  More massive galaxies 
enter earlier.  Thus:

wwww

zentry  <-->  Mhalo <-->  Mstar

2) Stellar mass follows halo mass until 
Mhalo crosses Mcrit.

   SAMs:       Mstar < 0.05 Mhalo 

Key assumption: 
star-forming band 
in dark-halo mass

Sandy Faber

 star-forming band



wwww
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Implications and Predictions 
of the Model

� Started forming stars late.
� Are still making stars today.

� Are blue today.

� Populate dark halos that match 
their stellar mass.

Small galaxies:

� Started forming stars early.
� Shut down early.

� Are red today.

� Populate dark halos that are much 
more massive than their stellar mass.

Massive galaxies:

Star formation is a wave that 
started in the largest galaxies and 

swept down to smaller masses later 
(Cowie et al. 1996).

“Downsizing”

Sandy Faber

 star-forming band



Galaxy Formation Theory

Primordial fluctuations grow due to 
inflation. 

Dark matter 
undergoes 

gravitational collapse 
(no pressure support) 

and generates at 
cosmic web

Baryons trace the DM distribution in 
scales larger than the Jeans length

Baryonic material 
accretes onto the 

dark matter 
potentials via hot/cold 

accretion.

Supersonic gas accreting at 
T < Tvir is shocked near Rvir 

when tcool > tdyn and at 
smaller radii if tcool < tdyn

Governato et al. 2007

Governato et al. 2007

Bertshinger 1985, Book & Benson 2010

In halos of mass M< 1011 M⨀ (pristine gas) 
shocks cannot form near Rvir and cold gas 

can accrete through filaments
Birnboim & Dekel 2003

Dissipative processes 
cool the shocked gas: 
atomic, Compton, 

molecular hydrogen 
cooling 

Other processes heat 
gas: photo-heating, 

feedback, preheating, 
thermal conduction

Conservation of angular momentum 
during collapse produces disks. 
Feedback removes low angular 

momentum material

e.g. Rees & Ostriker 1977, White & Rees 1978, 
White & Frenk 1991,Kauffmann et al. 1993, 
Cole et al. 1994, Somerville & Primack 1999, 
Sommerville et al. 1998, Birnboim & Dekel 2003

The angular 
momentum of the 
halo is acquired 

through cosmological 
torques

Question: How is the 
angular momentum of 

the dark matter 
related to that of the 
stars? Is it the same?



The Angular Momentum Problem

Navarro & Steinmetz 

Cooling was too effective particularly in low-mass halos at early times.

“Agreement between 
model and observations 
appears to demand 
substantial revision to the 
CDM scenario or to the 
manner in which baryons 
are thought to assemble 
and evolve into galaxies in 
hierarchical universes.”

Can ΛCDM Simulations Form Realistic Galaxies?

Obse
rva

tio
ns

Sim
ula

tio
ns

Navarro & Steinmetz 2000 ApJ



The Angular Momentum Catastrophe

In practice it is not trivial to form galaxies with massive, extended disks and small spheroids. 
The angular momentum content of the disk determined its final structure.

Scannapieco et al. 2009

Too much 
low angular 
momentum 
material! 

Small 
disk

Solution: Stop cooling via SN feedback, AGN, preheating, etc.



Eris 
Simulation    
Guedes et al.



Structural Properties: Eris Bulge-to-Disk Ratio
Sersic Bulge

Exponential Disk
Total

R [kpc]

μ i
 [m

ag
 a

rc
se

c-2
]

I-band
B/D = 0.35
n=1.4
Rs = 2.5 kpc

Photometric decomposition 
in i-band using Galfit 
(Peng et al. 2002)

Late-type spirals
Early-type spirals
Eris

Ganda et al. 2006, 2009

Guedes, Callegari, Madau, Mayer 2011 ApJ 



No Angular Momentum Problem in the Eris Simulation

Simulations tend to produce too many stars at the center, which translates into steeply rising 
rotation curves.

V
ci

rc
 [k

m
/s

]

V
ci

rc
 [k

m
/s

]

r [kpc]r [kpc]

Solution:
* Mimic star formation as occurs in real galaxies, i.e. localized, on high-density peaks only. 
* Feedback from SN becomes more efficient in removing gas from high-density regions. 
These outflows remove preferentially low angular momentum material, suppressing the 
formation of large bulges. Guedes, Callegari, Madau, Mayer 2011 ApJ 

Total

Halo

Disk+BulgeDisk

Bulge

Eris (z=1)

Eris (z=0)



2001 MNRAS 321, 559 

Dependence of Halo Concentration on 
Mass and Redshift



Concentration falls as 
mass increases

Concentration falls even 
faster for subhalos as 

mass increases

Concentration rises as 
density increases

Bullock et al. 2001



Spread of Halo Concentrations

Bullock et al. 2001



Evolution of Halo Concentration with Redshift

Concentration falls as 
redshift increases

Cvir ∝ 1/(1+z)
at fixed mass

Bullock et al. 2001



Merger Trees Based on our ART simulations, Risa 
Wechsler created the first structural merger 
trees tracing the merging history of 
thousands of halos with structural 
information on their higher-redshift 
progenitors, including their radial profiles 
and spins. This led to the discovery that a 
halo’s merging history can be characterized 
by a single parameter ac which describes 
the scale factor at which the halo’s mass 
accretion slows, and that this parameter 
correlates very well with the halo 
concentration, thus showing that the 
distribution of dark matter halo 
concentrations reflects mostly the 
distribution of their mass accretion rates. 
We found that the radius of the inner part of 
the halo, where the density profile is roughly 
1/r, is established during the early, rapid-
accretion phase of halo growth (a result 
subsequently confirmed and extended by 
other groups, e.g., Zhao et al. 2003, Reed 
et al. 2004).

Risa
Wechsler

2001



ApJ 568 (2002) 52-70 

Average mass accretion 
histories, normalized at a = 1. 
The three green curves connect 
the averages of
M(a)/M0 at each output time. The 
pair of dotted lines shows the 
68% spread about the middle 
case. Red dot-dashed lines 
correspond to early formers 
(typically low mass halos), blue 
dashed lines to late formers 
(typically higher mass halos). We 
see that massive halos tend to 
form later than lower mass halos, 
whose mass accretion rate peaks 
at an earlier time.

a

M
/M

0



Structural 
merger trees 
for two halos. 
The radii of the 
outer and inner 
(filled) circles 
are proportional 
to the virial and 
inner NFW 
radii, Rvir and 
Rs, 
respectively, 
scaled such 
that the two 
halos have 
equal sizes at a 
= 1. Lines 
connect halos 
with their 
progenitor 
halos.

a

2.8x1014 Msun/h 2.9x1012 Msun/h

cvir = 5.9 cvir = 12.5

For halos without recent mergers, cvir is 
higher and the scatter is reduced to log cvir 
≈ 0.10.

Wechsler et al. 2002

Cluster
Halo

Galaxy
Halo



~1012

z=5.7 (t=1.0 Gyr)

z=1.4 (t=4.7 Gyr)

z=0 (t=13.6 Gyr)

Springel et al. 2005

• cosmological parameters 
are now well constrained 
by observations

• mass accretion history of 
dark matter halos is
represented by ‘merger 
trees’ like the one at left

Present status of ΛCDM
“Double Dark” theory:

time

Forward Evolution

Cluster Data



z=5.7 (t=1.0 Gyr)

z=1.4 (t=4.7 Gyr)

z=0 (t=13.6 Gyr)

Springel et al. 2006

 

• shock heating & radiative 
cooling 

• photoionization squelching
• merging
• star formation (quiescent & 

burst)
• SN heating & SN-driven 

winds
• AGN accretion and feedback
• chemical evolution
• stellar populations & dust

Astrophysical 
processes modeled:

Semi-Analytic Models of Galaxy Formation

time



Galaxy Formation in ΛCDM
• gas is collisionally heated when perturbations ‘turn 

around’ and collapse to form gravitationally bound 
structures

• gas in halos cools via atomic line transitions 
(depends on density, temperature, and metallicity)

• cooled gas collapses to form a rotationally 
supported disk

• cold gas forms stars, with efficiency a function of 
gas density (e.g. Schmidt-Kennicutt Law) 

• massive stars and SNae reheat (and in small halos 
expel) cold gas and some metals

• galaxy mergers trigger bursts of star formation; 
‘major’ mergers transform disks into spheroids and 
fuel AGN

• AGN feedback cuts off star formation

White & Frenk 91; Kauffmann+93; Cole+94;
Somerville & Primack 99; Cole+00; Somerville, 
Primack, & Faber 01; Croton et al. 2006; Somerville 
+08; Fanidakis+09; Somerville, Gilmore, Primack, & 
Dominguez 11 
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ABSTRACT

Calculating the galaxy merger rate requires both a census of galaxies identified as merger candidates and a
cosmologically averaged “observability” timescale 〈Tobs(z)〉 for identifying galaxy mergers. While many have
counted galaxy mergers using a variety of techniques, 〈Tobs(z)〉 for these techniques have been poorly constrained.
We address this problem by calibrating three merger rate estimators with a suite of hydrodynamic merger simulations
and three galaxy formation models. We estimate 〈Tobs(z)〉 for (1) close galaxy pairs with a range of projected
separations, (2) the morphology indicator G−M20, and (3) the morphology indicator asymmetry A. Then, we apply
these timescales to the observed merger fractions at z < 1.5 from the recent literature. When our physically motivated
timescales are adopted, the observed galaxy merger rates become largely consistent. The remaining differences
between the galaxy merger rates are explained by the differences in the ranges of the mass ratio measured by
different techniques and differing parent galaxy selection. The major merger rate per unit comoving volume for
samples selected with constant number density evolves much more strongly with redshift (∝ (1 + z)+3.0±1.1) than
samples selected with constant stellar mass or passively evolving luminosity (∝ (1 + z)+0.1±0.4). We calculate the
minor merger rate (1:4 < Msat/Mprimary ! 1:10) by subtracting the major merger rate from close pairs from the
“total” merger rate determined by G − M20. The implied minor merger rate is ∼3 times the major merger rate at
z ∼ 0.7 and shows little evolution with redshift.
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1. INTRODUCTION

The galaxy merger rate over cosmic time is one of the
fundamental measures of the evolution of galaxies. Galaxies and
the dark-matter halos they live in must grow with time through
mergers with other galaxies and through the accretion of gas
and dark matter from the cosmic web. Over the past 10 billion
years, the global star formation rate density has declined by
a factor of 10 (e.g., Lilly et al. 1996; Madau et al. 1996;
Hopkins & Beacom 2006) while the global stellar-mass density
has increased by a factor of two (e.g., Rudnick et al. 2003;
Dickinson et al. 2003). At the same time, massive galaxies have
been transformed from rapidly star-forming disk galaxies into
quiescent bulge-dominated galaxies hosting supermassive black
holes (e.g., Bell et al. 2004; Faber et al. 2007; Brown et al. 2007).
Galaxy mergers may be an important process that drives galaxy
assembly, rapid star formation at early times, the accretion of
gas onto central supermassive black holes, and the formation of
dispersion-dominated spheroids (e.g., Toomre 1977; White &
Rees 1978; Kauffmann et al. 1993; Mihos & Hernquist 1996;
Sanders & Mirabel 1996; Somerville et al. 2001, 2008; di Matteo
et al. 2008; Hopkins et al. 2006, 2008). Because other physical
processes are also at work, direct observations of galaxy mergers
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are needed to understand their global importance to galaxy
evolution and assembly.

In a cold-dark-matter-dominated universe, massive structures
are expected to grow hierarchically. Numerical simulations
consistently predict that the dark-matter halo–halo merger rate
per progenitor (or descendant) halo at fixed halo mass changes
rapidly with redshift ∼(1 + z)2–3 (e.g., Gottlöber et al. 2001;
Fakhouri & Ma 2008; Genel et al. 2009; Fakhouri et al. 2010).
The dark-matter merger rate scales with mass and mass ratio
(Fakhouri & Ma 2008; Fakhouri et al. 2010). More massive
halos are rarer, but have more frequent mergers per halo. Minor
mergers with mass ratios greater than 1:4 should be much more
common per halo than major mergers of comparable mass halos.

However, the theoretical predictions for the galaxy merger
rate remain highly uncertain (e.g., Jogee et al. 2009; see Hopkins
et al. 2010b for a review). The predicted (1 + z)3 evolution in
the dark-matter halo merger rate (per halo above a fixed total
mass) does not automatically translate into a (1 + z)3 evolution
in the galaxy merger rate (per galaxy above a fixed stellar mass)
because there is not a simple connection between observed
galaxies and dark-matter halos (e.g., Berrier et al. 2006; Hopkins
et al. 2010b; Moster et al. 2010). For example, the differences in
the dark-matter halo mass function and the galaxy stellar-mass
function at the high-mass and low-mass ends naturally produce
a discrepancy between the merger rates as a function of stellar
and dark-matter mass and mass ratio.
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Figure 10. Top: Γmerg, the merger rate per comoving unit volume, for close pairs (circles) and G − M20 (asterisks), for stellar-mass-selected (left) and rest-frame
luminosity-selected samples. Bottom: "merg, the fractional merger rate, for close pairs (circles) and G − M20 (asterisks), for the same samples. The error bars are
computed using the observational uncertainties on fmerg, fpair, and ngal and do not include uncertainties in 〈Tobs〉. G − M20 probes both major and minor mergers,
and therefore captures a “total” merger rate, which is several times higher than the major merger rate probed by these close pair studies. The evolution in Γpairs(z) is
weaker than in "pairs(z) because fpairs increases with redshift (Figure 1) while the corresponding ngal decreases with redshift for fixed stellar mass and PLE galaxy
selections (Figure 2). The best-fit slopes for the close pair (major) merger rates (blue solid lines) are given in Section 5.1 and the best slopes for the G − M20 (total)
merger rates (green dashed lines) are given in Section 5.2.
(A color version of this figure is available in the online journal.)

galaxy merger rates for samples selected with an evolving
luminosity cut (PLE) or fixed stellar-mass cut (Mstar) in
Sections 5.1–5.3. In Section 5.4, we discuss the implications of
selecting parent galaxy samples with a constant number density.
In Section 5.5, we compare our results for stellar-mass-selected
merger rates to the predictions of several galaxy evolution mod-
els. In general, we fit the galaxy merger rates with power laws
of the form C × (1 + z)α .

5.1. The Major Merger Rate: Close Pairs

The close pair studies included in this paper select galaxies
with luminosity or stellar-mass ratios less than 1:2 or 1:4.
Although luminosity brightening of an interacting satellite
galaxy may cause the measured luminosity ratio to be less than
the stellar or baryonic mass ratio (e.g., Bundy et al. 2004), we
assume that this sample primarily probes major mergers with
baryonic mass ratios roughly comparable to their luminosity or
stellar-mass ratios.

When samples with similar parent selection criteria are com-
pared, we find that the merger rates derived from various close
pair studies are remarkably consistent (Figure 10). However,
the evolution of the merger rate depends on whether one calcu-
lates the merger rate per galaxy (") or the merger rate per unit

volume (Γ). The best-fit evolution in Γpairs(z) is weaker than
"pairs(z) because the evolution in ngal(z) is opposite to the trend
in "pairs(z) (see Figures 1 and 2). The major merger rate (Γpairs
or "pairs) and its evolution with redshift are similar for the stel-
lar mass and evolving luminosity-selected samples, suggest-
ing that luminosity brightening does not significantly bias the
luminosity-selected merger samples. In the left-hand side of
Figure 10, we plot Γ and " for 1:1–1:4 pairs with Mstar >
1010 M& from the Bundy et al. (2009) study (blue circles) and
de Ravel et al. (2009) study (black circles). Despite being drawn
from different fields with different close pair criteria, these agree
well once the corresponding observability timescales are ap-
plied. The best-fit volume-averaged merger rate Γpairs,Mstar (z)
(blue line, top left panel) and fractional merger rate "pairs,Mstar (z)
(blue line, bottom left panel) are given in Table 4.

On the right-hand side of Figure 10, we plot Γ and " for
close pairs selected with evolving luminosity cuts from Lin
et al. (2008; cyan circles), de Ravel et al. (2009; black circles),
and Kartaltepe et al. (2007; blue circles), and the z ∼ 0.1 value
from the Patton & Atfield (2008) study (red circle). Most of
these studies give very consistent galaxy merger rates once
corrected for the observability timescales, although the de Ravel
et al. (2009) luminosity-selected bright pairs have a merger rate
∼3 times higher than the other studies at z ∼ 0.7–1. However,
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Figure 10. Top: Γmerg, the merger rate per comoving unit volume, for close 
pairs (circles) and G − M20 (asterisks), for stellar-mass-selected (left) and 
rest-frame luminosity-selected samples. Bottom: Rmerg, the fractional merger 
rate, for close pairs (circles) and G − M20 (asterisks), for the same samples. 
The error bars are computed using the observational uncertainties on fmerg, 
fpair, and ngal and do not include uncertainties in ⟨Tobs⟩. G − M20 probes 
both major and minor mergers, and therefore captures a “total” merger rate, 
which is several times higher than the major merger rate probed by these 
close pair studies. The evolution in Γpairs(z) is weaker than in Rpairs(z) 
because fpairs increases with redshift (Figure 1) while the corresponding ngal 
decreases with redshift for fixed stellar mass and PLE galaxy selections 
(Figure 2). The best-fit slopes for the close pair (major) merger rates (blue 
solid lines) are given in Section 5.1 and the best slopes for the G − M20 
(total) merger rates (green dashed lines) are given in Section 5.2.



Baryons in Dark Matter Halos

• in order to reconcile 
CDM (sub)halo mass 
function with galaxy 
LF or stellar MF, 
cooling/star formation 
must be inefficient 
overall, most efficient 
at Mhalo ~ 1011 Msun 

• baryon/DM ratio must 
be a strongly non-
linear (& non-
monotonic)  function 
of halo mass
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Galaxy bimodality in the color-structure 
plane (S. Driver et al. 2006)

Color bimodality of galaxies on color-
magnitude plot from Baldry et al. (2004). 
The black solid and dashed contours 
represent the number density of galaxies: 
logarithmically spaced with four 
contours per factor of ten. The 
distribution is bimodal: there are two 
peaks corresponding to a red sequence 
(generally early types) and a blue 
sequence (late types). 
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• Earlier CDM-based galaxy formation models suffered 
from a set of interlinked problems
–overcooling/cooling flow problems in galaxies and 

clusters
– failure to produce observed color bimodality 

• ‘Bright mode’ AGN feedback may regulate BH formation 
& temporarily quench star formation, but is not a viable 
‘maintenance’ mechanism

•Low-accretion rate ‘radio mode’ feedback is a promising 
mechanism for counteracting cooling flows  over long 
time scales

•New self-consistent ‘hybrid’ models based on physical 
scaling from numerical simulations and calibrated 
against empirical constraints now enable us to predict/
interpret the relationship between galaxies, BH, and 
AGN across cosmic history

New Improved Semi-Analytic Models Work!

-- Rachel Somerville
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Some Results from our Semi-Analytic Models 
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Figure 13. Integrated luminosity density as a function of wavelength in our WMAP5 fiducial model, shown at various slices in redshift.
All data shown are measurements in the local universe. Measurements are from GALEX (blue circle), SDSS (red stars; Montero-Dorta
& Prada 2009), 6dF (cyan squares; Jones et al. 2006), and 2MASS (green stars; Cole et al. 2001 and Bell et al. 2003). In the mid- and
far-IR, the orange squares (Soifer & Neugebauer 1991) and blue stars (Takeuchi et al. 2001) show observations from IRAS and SCUBA.

tion” models for galaxy counts and the EBL, which we re-
view in our companion paper GSPD, but do not discuss
here. Recently, empirical and “semi-empirical” approaches
have been adopted by several authors to predict the EBL.
Younger & Hopkins (2011) used the observed stellar mass
function at different redshifts, in combination with a semi-
empirical model of galaxy evolution and template SEDs from
Chary & Elbaz (2001) to predict the mid to FIR EBL.
Domı́nguez et al. (2011, D11) made use of empirical tem-
plate SEDs and observed fractions of 25 different galaxy
types to predict the EBL and its evolution. An explicit com-
parison with the luminosity density evolution estimated by

their approach is shown in Figure 14. The D11 estimates
are anchored to the observed K-band luminosity functions,
which our semi-analytic models reproduce fairly well, so the
predictions are very similar at NIR wavelengths. At shorter
wavelengths (optical and UV), the D11 approach predicts
lower luminosity densities at high redshift than our SAMs.
These differences are due to the use by D11 of SWIRE tem-
plates (Polletta et al. 2007) from the UV to IR, while in
our approach we model the star formation history and dust
attenuation of each galaxy. In the Far-IR, D11 estimate a
higher and sharper peak at z ∼1–2 (again because of the use
of different SED templates), in better agreement with obser-

c© 0000 RAS, MNRAS 000, 000–000

Somerville, Gilmore, Primack, & Dominguez (2012)
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An advantage of the 
SAM approach is 
that it is possible to 
compare predictions 
with observations at 
all redshifts and in all 
spectral bands.

0 2 4 6 0 2 4 6

0 2 4 6 0 2 4 6

0 2 4 6 0 2 4 6

Gilmore, Somerville, Primack, & Dominguez (2012)

Fiducial
CΛCDM
WMAP5+Calzetti dust
WMAP5+DGS99 dust



Somerville, 
Gilmore, 
Primack, & 
Dominguez 
(2012)

Some Results from our Semi-Analytic Models Galaxy Properties from the UV to the FIR 11

-15 -20
-5

-4

-3

-2

-1
FUV

-15 -20
-5

-4

-3

-2

-1
NUV

-15 -20
-5

-4

-3

-2

-1
u-band

-20
-5

-4

-3

-2

-1
g-band

-20
-5

-4

-3

-2

-1
r-band

-20
-5

-4

-3

-2

-1
i-band

-18 -20 -22 -24
-5

-4

-3

-2

-1
z-band

-20 -25
-5

-4

-3

-2

-1
K-band

8 9 10 11 12 13
-5

-4

-3

-2

-1
Total IR 

Figure 5. Luminosity functions at z = 0 in the FUV, NUV, SDSS ugriz and K bands, as well as the total IR (8-1000 µm). The solid
black line is our fiducial WMAP5 model using the composite dust recipe (Charlot-Fall), and dashed red shows the model with a single
component dust model (Calzetti). The dotted black line shows the C-ΛCDM model. The black long-dashed line shows the predictions of
the fiducial model without dust attenuation. Data are from Wyder et al. (2005) (blue points, 〈z〉=0.05), Bell et al. (2003) (green points),
and Rodighiero et al. (2010) (red points, 〈z〉=0.15). For the total IR panel, the x-axis shows the logarithmic luminosity in solar units,
and the y-axis has units of N dex−1 Mpc−3; all other axes are as indicated.

detailed predictions for galaxies in the Herschel PACS and
SPIRE wavebands in a future work (Niemi et al., in prep.).

3.3 The Extragalactic Background Light

One of the major goals of this work is to predict the in-
tegrated Extragalactic Background Light (EBL). The EBL
consists of light emitted at all epochs, modified by red-
shifting and dilution due to the expansion of the universe.
Because the EBL consists of light emitted by all

types of sources at all cosmological epochs, it forms
a unique record of the history of photon produc-
tion in the universe. A detailed measurement of the
EBL flux can potentially inform us about the ex-
istence or nonexistence of photon sources beyond
those that can be resolved in galaxy surveys, and its
SED encodes the details of the redshifts and spec-
tral characteristics of these sources. As discussed in
our companion paper (GSPD), the EBL also affects
the propagation of gamma rays in the GeV and TeV
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Figure 15. Number counts in the GALEX UV bands and the four HST ACS bands. Line types are the same as in Figure 9; note that
some models do not deviate significantly from the fiducial WMAP5+evolving dust model (solid black line) and are therefore not visible.
Note that results here have been rescaled to a Euclidean geometry. In the UV bands, data are from GALEX (Xu et al. 2005, green
squares), STIS on HST (Gardner et al. 2000, purple asterisks), and the balloon-borne FOCA experiment (Iglesias-Páramo et al. 2004;
Milliard et al. 1992, red stars and open pentagons respectively). The FOCA points have been converted to the GALEX bands using the
method described in Xu et al. (2005). Blue crosses are from HST ACS/SBC observations of multiple fields in GOODS-N and -S (Voyer
et al. 2011). In the ACS bands, red, blue and green squares are from the compilation by Dolch & Ferguson (2011), which includes data
from the Hubble Ultra-Deep Field. Additional data in orange from SDSS-DR6 are from Montero-Dorta & Prada (2009). In the K-band,
we show data from 6dF (orange crosses, Jones et al. 2006), from Keenan et al. (2010, open red hexagons), and from Barro et al. (2009,
blue squares), and McCracken et al. (2010, green pentagons). All observational data have been converted to AB magnitudes.

vations, and a steeper decline at higher redshift z >
∼ 2. Note

that the observed K-band luminosity functions that ground
their empirical approach are available only up to z ∼ 4, and
the results shown at higher redshifts are extrapolations.

4.2 Summary and Conclusions

We have presented predictions for the luminosity and flux
distributions of galaxies from the far-UV to the far-IR and
over the bulk of cosmic history (z = 0–6). Our predic-
tions are based on semi-analytic models of galaxy formation,
set within the hierarchical Cold Dark Matter paradigm of
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Figure 16. Number counts from four Spitzer (IRAC and MIPS) infrared bands, as well as Herschel 250 µm and SCUBA 850 µm. Line
types are the same as in Figure 9; for clarity models similar to the fiducial model are not shown. Results are scaled to a Euclidean
geometry. Solid blue circles in the 3.6 IRAC band are from Sanders et al. (2007); all other points in the IRAC 3.6 and 8.0 bands are from
Fazio et al. (2004). The MIPS data at 24 µm shown here are the S-COSMOS ‘Extragalactic Wide’ points from Sanders et al. (2007)
(green hexes), and the Wide and Deep Legacy Survey points from Béthermin et al. (2010) (blue squares). At 70 µm data shown are
the normal (blue squares) and stacked (cyan squares) measurements from Béthermin et al. (2010), while red stars are from Frayer et al.
(2006). Herschel data at 250 µm are from Clements et al. (2010, red squares) and Glenn et al. (2010, blue stars); the latter is from the
spline model with FIRAS priors. We show data from the SCUBA SHADES survey (Coppin et al. 2006) at 850 µm in the lower-right
panel.

structure formation, and including modeling of gas cooling,
star formation, stellar feedback, chemical enrichment, and
AGN feedback. In addition, crucial to the present study is
modeling of the attenuation and re-emission of starlight by
dust in the interstellar medium of galaxies. We use a sim-
ple but physically motivated analytic approach to estimate
the dust attenuation as a function of wavelength. In our
fiducial models, based on the approach proposed by Charlot

& Fall (2000), young stars are enshrouded in dense “birth
clouds”, while older stellar populations are embedded within
a more diffuse “cirrus” component. Stars emerge from the
dense birth clouds as they age. This two-component dust
model results in an effectively age-dependent attenuation
relation, such that younger stars are more extinguished. We
find that the two-component model gives much better agree-
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The evolution of the EBL with redshift is shown graphically in Fig. 5, in two ways: 

in physical and co-moving coordinates.  The left panel shows that the EBL was much 
higher in the past, especially in the optical and near-IR and in the far-IR.  The right 
panel shows how the present-day EBL was generated as a function of redshift.  This 
EBL evolution must be taken into account in calculating attenuation of gamma rays 
from all but the nearest extragalactic sources.  The change in the functional form of 
the EBL means that a simple z-dependent scaling model is inadequate. 

 

 
FIGURE 5. The evolution of the EBL in our WMAP5 Fiducial model.  This is plotted on the left panel 

in standard units.  The right panel shows the build-up of the present-day EBL by plotting the same 
quantities in comoving units.  The redshifts from 0 to 2.5 are shown by the different line types in the 

key in the left panel.  (From Fig. 5 of [9].) 

GAMMA RAY ATTENUATION 

Gamma ray attenuation due to ## $ e+e! is calculated by integrating the cross 
section times the proper density of background photons along the line of sight to the 
emitting redshift, and integrating over the scattering angle (, where ( = ) corresponds 
to a head-on collision.  The most probable scattering angle is ( * )/2.  If we assume ( 
= )/2, then the characteristic wavelength 'bg of the background photons that will most 
strongly affect a gamma ray of energy E# is  given by 'bg = 1.2 (E# /TeV) µm.   

We have calculated gamma-ray attenuation as a function of the redshift of the 
source and the observed gamma-ray energy, from the evolving EBL determined both 
observationally and from our SAM calculations.  This is shown in the left panel of 
Fig. 6.   

A more general way to show the EBL attenuation is to plot the “Attenuation Edge” 
redshift where the optical depth " reaches a certain value as a function of gamma-ray 
energy, which is presented in the right panel of Fig. 6 out to redshift 5 for " = 1, 3, and 
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