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Galaxies, Nucleosynthesis,  and Light
n Galaxy Formation Theory
n Feedback Solves Angular Momentum Problems
n Eris - Successful Simulation of Milky Way-type Galaxy
n Sunrise Makes Realistic Images from Simulations
n Semi-Analytic Models (SAMs) Predict Galaxy 

Population Evolution Based on Cosmological Merger 
Trees

n Production of Chemical Elements by Stars,Supernovae, 
and Neutron Star Mergers

n Measuring the Rate of Galaxy Mergers
n Blue (star forming) and Red (quenched) Galaxies
n Measuring the Extragalactic Background Light Using 

Gamma Ray Astronomy
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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 stars related to 
that of the dark 

matter? Only ≲ 20% 
of the baryons in 

galaxy halos become 
stars.
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Cosmological Simulations
Astronomical observations represent snapshots 
of moments in time.  It is the role of astrophysical 
theory to produce movies -- both metaphorical 
and actual -- that link these snapshots together 
into a coherent physical theory.  

Cosmological dark matter simulations show 
large scale structure, growth of structure, and 
dark matter halo properties

Hydrodynamic galaxy formation simulations: 
evolution of galaxies, formation of galactic 
spheroids via mergers, galaxy images in all 
wavebands including stellar evolution and dust
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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 determines its final structure.
None of the 2012 Aquila low-resolution galaxy simulations had realistic disks.

≠

Scannapieco et al.,  Aquila Galaxy Simulation Comparison, 2012

fraction1732 C. Scannapieco et al.

Figure 3. Distribution of stellar circularities, ε = jz/jc, for the different models. The circularity parameter is the z-component of the specific angular momentum
of a star particle, jz, expressed in units of the circular orbit value, jc, at that radius. Stars with ε ≈ 1 typically belong to a rotationally supported disc component.
Thick and thin lines correspond to level-5 and level-6 resolution runs, respectively.

mass also shows large scatter, spanning about a decade from the
least (G3-TO) to the most massive (R), respectively.

A quantitative measure of the importance of a rotationally sup-
ported component is provided by the distribution of stellar circular-
ities, ε, defined as the ratio between the z-component of the specific
angular momentum of a star and that of a circular orbit at the same
radius r:

ε = jz

jc(r)
= jz

r Vc(r)
, (1)

where Vc(r) =
√

GM(<r)/r is the circular velocity. Stars belong-
ing to a disc are expected to have ε ∼ 1, whereas stars belonging to
a non-rotating spheroidal component should have an ε-distribution
roughly symmetric around zero (see e.g. Abadi et al. 2003b;
Scannapieco et al. 2009).

We show the circularity distribution of all 13 runs in Fig. 3.
Thick and thin lines correspond to the level-5 and level-6 resolution
simulations, respectively. The diversity in morphology seen in Fig. 2
is clearly reflected in the distribution of circularities. Thin discs that
appear prominently in the images show up as well-defined peaks in
the circularity distribution at ε ∼ 1, a distinction that sharpens at
higher numerical resolution. In some cases, notably G3, G3-MM, G3-
CK and AREPO, the galaxy is noticeably flattened and clearly rotating,
but lacks a prominent thin disc.

The importance of a thin disc may be crudely estimated by the
fraction of stars with ε > 0.8, f (ε > 0.8).3 Only in four simu-

3 Note, however, that these fractions often compare poorly with photometric
estimates of the disc-to-total ratios (Abadi et al. 2003a; Scannapieco et al.
2010).

lated galaxies do more than ∼40 per cent of stars satisfy this con-
dition, two SPH based and two AMR based: R, R-LSFE, G3-GIMIC

and GAS. The most extreme case, R-LSFE, provides a clue to this be-
haviour. In this simulation feedback is inefficient and star formation
is deliberately delayed, allowing gas to accrete into the galaxy and
settle into a centrifugally supported structure before turning into
stars.

Indeed, any mechanism that hinders the early transformation of
gas into stars without curtailing gas accretion later on is expected
to promote the formation of a disc (see e.g. Navarro & Steinmetz
1997). As a result, the galaxies with most prominent discs are also
the ones with the youngest stars (Agertz, Teyssier & Moore 2011).
This is shown in Fig. 4, where we plot f (ε > 0.8) versus the median
formation time of all stars in the galaxy (expressed in terms of
the expansion factor, a50 per cent). A clear correlation emerges, with
discs increasing in prevalence in galaxies that make their stars later.
On the other hand, galaxies that make their stars early tend to be
spheroid dominated.

An interesting outlier to this trend is G3-MM, which forms stars
as late as R but has a small fraction of stars in a disc. Further
investigation shows that the G3-MM galaxy did harbour a disc, but
it was severely impacted by a collision with a massive satellite
in recent times. The satellite is present in other runs, but it has
not yet collided with the main galaxy in the majority of cases.
This is due to the fact that even small differences in the early
evolution get amplified with time and can lead to large discrepancies
in the orbital phase of satellites later on. To the extent that this can
influence the morphology of the central galaxy, a certain degree of
stochasticity in the morphological evolution of a simulated galaxy
seems unavoidable.

C© 2012 The Authors, MNRAS 423, 1726–1749
Monthly Notices of the Royal Astronomical Society C© 2012 RAS

fraction of stars with given angular momentum

jz/jc
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The Angular Momentum Catastrophe

Eris, the first high-resolution simulation of formation of a ~1012 M⦿ galaxy, produced a realistic 
spiral galaxy.  Adequate resolution and physically realistic feedback appear to be sufficient. 

Eris Simulation =

Guedes, Callegari, Madau, Mayer 2011 ApJ 
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Eris 
Simulation    
Guedes et al.
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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.
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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)
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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 

Eris Sunrise Images: Edge On            Face On           
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Sunrise Radiative Transfer Code
For every simulation snapshot:
• Evolving stellar spectra calculation
• Adaptive grid construction
• Monte Carlo radiative transfer
• “Polychromatic” rays save 100x CPU time
• Graphic Processor Units give 10x speedup

“Photons” are 
emitted and 
scattered/
absorbed 
stochastically

Patrik Jonsson 
& Joel Primack
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Sunrise Spectral Energy Distribution

Visible Light

Ultraviolet Infrared

w/o dust
face on

edge on
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Dramatic  effects  on  
-­‐‑Appearance
-­‐‑Half-­‐‑mass  radii  (bigger  with  dust)
-­‐‑Sersic  index  (lower  with  dust)

What’s  the  effect  of  including  dust?

stars  
only

with  
dust

cemoody.imgur.com
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or without spiral arms), irregular/peculiar/merging, compact/unresolved, or unclassifiable
(including combinations of these). Additional structural flags included bulge-dominated,
disk-dominated, edge-on disk, face-on disk, and chain (at least 3:1 axis ratio with multiple
bright clumps). Clumpiness classification was based largely on the bluer bands, especially v
band F606W, which corresponds to rest-frame near ultraviolet for sources at z ⇠ 2. (Clumps
are centrally concentrated knots of light, and patches are spotty uneven light distributions.)
The classifier selects the degree of clumpiness (none, a couple clumps, many clumps) and
patchiness (none, some, a lot). The classifications from the over 50 classifiers were combined
to create a single visual morphology catalog, which will be released soon. These proce-
dures are described in the PhD dissertation of Faber’s student Mark Mozena, with papers
in preparation.

We are following essentially the same procedures to measure and classify the Sunrise
images that we generated from our galaxy simulations. The comparison has thus far included
the first 30 and the second 30 (VELA) simulations, with further work in progress. We
generate face-on and edge-on Sunrise images, plus four images from random directions, for
at least 20 redshifts z between 1.4 and 2.6 for each simulation. We then degrade the images
appropriately for comparison with observations at the same redshifts: we add comparable
noise (from observations), convolve with instrument point spread functions, and rescale
– a process we refer to as “CANDELization” – see Fig. 2 (b-c). (Noise-free copies are
retained for further comparisons.) Primack’s graduate student Priya Kollipara has created
a measurement pipeline like GALAPAGOS to measure these images (and verified that it
gave essentially the same results on observations as reported by van der Wel 2012). Faber’s
graduate student Mark Mozena oversaw the morphological classification of ⇠ 3000 of these
simulated images using the same methods and classifiers as for the HST observations. Both
observations and simulated images as RGB composites have also been given to the 150,000
volunteers of GalaxyZoo4 for classifications – which we are now figuring out how to use.

Figure 2: Simulation VELA27 compared with the radiation-pressure version VELA27-RP. (a) Rest-frame
RGB images produced by Sunrise from VELA27 (left) and VELA27-RP simulation (right) at redshifts z = 5.2
and z = 3.0, the latter showing face-on and edge-on views. (b) Rest-frame RGB face-on image from VELA27
simulation at z = 2.1, with CANDELized images in v and H bands. (c) Same, for VELA27 simulation with
radiation pressure, which has fewer stars and is not as clumpy.

4www.galaxyzoo.org.

8

Same Initial 
Conditions,

with Radiative 
Pressure Feedback
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Simulated
Galaxy

10 billion 
years ago

as it would 
appear 

nearby to 
our eyes 

face-on edge-on

as it 
would 

appear to 
Hubble’s 

ACS 
visual 

camera

as it 
would 

appear to 
Hubble’s 

WFC3 
infrared 
camera
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英文标题:微软雅黑，30pt  
颜色: 黑色

正文：微软雅黑，14pt
颜色：黑色

Our Simulations w/ Dust look a lot like galaxies 
from 10 billion years ago that we see with 

Hubble Space Telescope

We are now systematically comparing 
simulated and observed galaxy images
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Merger Trees Based on our ART simulations, in her PhD 
research with me 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 

et al. 2002

M = 3x1014 M⦿/h
cvir = 5.9

Cluster
Halo

M = 
3x1012

 M⦿/h

cvir = 
12.5

Galaxy
Halo
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Fig. 15.— Same as Figure 14 but including variable scatter in luminosity at fixed circular velocity using our
stochastic abundance matching method. Galaxies with −19 > Mr − 5 log10 h > −21 are mostly unaffected
while those in the brightest bin are slightly less clustered at all separations than in the case with no scatter.
This results in a better agreement with the SDSS observations.

Dutton et al. (2007) argue that the standard
cosmological model with adiabatic contraction and
standard concentrations fails to reproduce the ob-
served LV relation. They also state that models
with lower concentrations will be unable to match
the luminosity function. Both conclusions are not
compatible with our results. A number of assump-
tions made in Dutton et al. (2007) are either out-

dated or need corrections. For example, for their
fiducial models they use the “standard concentra-
tions” of Bullock et al. (2001), which were based
on a simulation with σ8 = 1.0, although they at-
tempted to rescale them to a cosmological model
with the normalization σ8 = 0.9. The normal-
ization of the current ΛCDM cosmological model
is σ8 = 0.82 based on CMB and other data (e.g.

26

Galaxy Correlation Functions
Points with Errors are SDSS data

Bright

Faint
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Every case agrees, within 
the observational errors

Statistics of MW bright satellites: 
Sloan Digital Sky Survey data vs. Bolshoi simulation

Busha et al. 2011 ApJ
Liu et al. 2011 ApJ

Risa Wechsler

SDSS Data Bolshoi simulation

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

The Bolshoi simulation + halo abundance matching 
predict the likelihood of 0, 1, 2, 3, ... large satellites

How common is this?

Text TextText Text
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FIG. 3.— Left panel: the stellar mass to halo mass ratio at multiple redshifts as derived from observations (Behroozi et al. 2012) compared to a model which
has a time-independent star formation efficiency (SFE). Error bars show 1 -� uncertainties (Behroozi et al. 2012). A time-independent SFE predicts a roughly
time-independent stellar mass to halo mass relationship. Right: the cosmic star formation rate for a compilation of observations (Behroozi et al. 2012) compared
to the best-fit model from a star formation history reconstruction technique (Behroozi et al. 2012) as well as the time-independent SFE model. The latter model
works surprisingly well up to redshifts of z ⇠ 4. However, a model which has a constant efficiency (with mass and time) also reproduces the decline in star
formation well since z ⇠ 2.
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FIG. 4.— Left panel: Star formation rate as a function of halo mass and cosmic time, weighted by the number density of dark matter halos at that time. Contours
show where 50 and 90% of all stars were formed; dashed line shows the median halo mass for star formation as a function of time. Right panel: Star formation
rate as a function of galaxy stellar mass and time, weighted by the number density of galaxies at that time. Contours and dashed line are as in top-left panel;
dotted line shows current minimum stellar masses reached by observations.

characteristic mass is to use a different mass definition. For
example, using M200b (i.e., 200 times the background density)
would cancel some of the evolution from z = 1 to z = 0. How-
ever, this would also raise the mass accretion rate at z = 0,
which would increase evolution in the star formation effi-
ciency’s normalization. Using the maximum circular velocity
(Vcirc) or the velocity dispersion (�) instead would also lead
to more evolution in the SFE (at fixed Vcirc or �): due to the
smaller physical dimensions of the universe at early times,
both these velocities increase with redshift at fixed virial halo
mass.

The nearly-constant characteristic mass scale is robust to
our main assumption that the baryon accretion rate is propor-
tional to the halo mass accretion rate, because this mass scale

is already present in the conditional SFR (Fig. 1). A baryon
accretion rate which scales nonlinearly with the dark matter
accretion rate would change the width of the most efficient
halo mass range, but it would not change the location. How-
ever, as discussed previously, the baryon accretion rate for
small halos (Mh < 1012M�) can differ from the dark matter
accretion rate through recooling of ejected gas; the changing
virial density threshold can also introduce non-physical evolu-
tion in the halo mass which affects the accretion rate (Diemer
et al. 2012). Properly accounting for these effects may change
the low-mass slope of the star formation efficiency; we will
investigate this in future work.

Note that the level of consistency seen in the star forma-
tion efficiency is not possible to achieve using other common

Star Formation Most Efficient
at ~1012 M⦿

Trujillo-Gomez+2011

Behroozi, Wechsler, Conroy 2013

Galaxy Correlation Functions
Using Halo Age Matching

8 Hearin et al.
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Figure 2. Stellar mass- and color-dependent clustering as predicted by our age matching formalism. Top Row : The projected
correlation function (multiplied by rp) predicted by our model (black solid curves) as compared to the clustering of three SDSS
stellar mass threshold samples: log10(M∗) > [9.8, 10.2, 10.6]. Bottom Row : Correlation functions split by color for red (blue) mock
galaxies shown with red (blue) solid curves. Red (blue) points show the clustering of red (blue) SDSS galaxies. Solid bands in
each panel show the error in our model prediction as described § 5.1. The slight under-prediction of abundance matching on small
scales for the log10(M∗) > 10.2 sample (top, center panel) propagates through to the color split (bottom, center panel), though
the relative clustering strength of red and blue galaxies is captured by the model at all stellar masses and over all scales.

6.3 Galaxy-Galaxy Lensing

While the 2PCF encodes rich information about the
galaxy-halo connection, measurements of galaxy-galaxy
lensing have been shown to break degeneracies between
galaxy-halo parameters that are present when model con-
straints are derived from clustering measurements alone
(e.g., More et al. 2013). To that end, in Fig. 3 we com-
pare our model prediction to new measurements of the
stellar mass- and color-dependent galaxy-galaxy lensing
signal, ∆Σ. As was the case for the 2PCF comparison, we
accurately predict ∆Σ at the abundance matching level
(black solid curves versus SDSS solid black data points
in the top row), though the amplitude of the model pre-
diction appears slightly boosted relative to the data for
all three stellar mass thresholds. Red and blue filled cir-
cles in all panels represent the red and blue SDSS galaxy
populations, respectively, while red and blue solid curves
are the model predictions according to age matching. The
separation in ∆Σ between red and blue samples is pre-
dicted reasonably well, excepting only blue samples on
small scales, where measurement errors become large.

6.4 Galaxy Group Environment

In addition to wp(rp) and ∆Σ, we employ a group-finder
to test how well our model predicts the scaling of central
and satellite color with host halo mass. As our proxy for
halo mass we use MBCG

∗ , the stellar mass of the group’s
central galaxy. In Fig. 4, we show the mean g − r color
of group galaxies as a function of MBCG

∗ . We show the
results for central galaxies and satellites from left to right,
respectively. The dashed line is the mean g − r color of
the mock galaxies in a given MBCG

∗ bin. The solid gray
region shows Poisson errors on the mean color in each
bin.

Our predicted mean satellite color is in good agree-
ment the data over the full host halo mass range probed
by our galaxy sample. This is also true for central galax-
ies, excepting some slight tension at the low MBCG

∗ end.
Again, we emphasize that we have not tuned any param-
eters in our model. The successful prediction for central
and satellite colors naturally emerges from the age distri-
bution matching formalism. Specifically, at fixed stellar
mass, the colors of our mock galaxies are drawn from the

c© 0000 RAS, MNRAS 000, 000–000

Text Hearin, Watson+ 2014

 Fraction of Milky Way Mass Halos 
Hosting SMC/LMC Mass Satellites

Bjork  
 “Dark Matter”  
Biophilia

me
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Galaxy Formation via SemiAnalytic Models
• 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, metallicity effects?) 
• massive stars and SNe 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
• including effects of dissipation in gas-rich galaxy 

mergers leads to observed elliptical size-mass 
relation

• including spheroid formation by disk instability is 
essential to reproduce the observed elliptical 
luminosity function

White & Frenk 91; Kauffmann+93; Cole+94; Somerville &
Primack 99; Cole+00; Somerville, Primack, & Faber 01; Croton 
et al. 2006; Somerville +08; Fanidakis+09; Covington et al. 10, 
11; Somerville, Gilmore, Primack, & Dominguez 11; Porter et al.  
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Low-Redshift Galaxies

• Elliptical galaxies follow a size-mass 
relation.  Our semi-analytic model 
correctly predicts this and the other 
scaling relations of elliptical galaxies.

•

• Our semi-analytic model also correctly predicts the numbers 
of Disk galaxies and Elliptical galaxies of all masses.

• Disk galaxies follow a relation 
between their rotation velocity 
and their luminosity.  The model 
also correctly predicts this. 

Semi-Analytic Models Based on the Bolshoi Simulation
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disk instabilities
disk instabilities

with 
without

disk instabilities
with 

disk instabilities
without

Porter, Somerville, Primack, Johansson 2014

• Elliptical galaxies follow a size-mass 
relation.  The theory correctly 
predict this and the other observed 
relations of elliptical galaxies

• With disk instabiliies, the theory 
correctly predicts the numbers of 
Disk Galaxies and Elliptical Galaxies 
of all masses

Mass → Mass →Mass →

Po
pu

la
tio

n 
→

Projected Fundamental Plane

Semi-Analytic Models Based on the Bolshoi Simulation
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Semi-Analytic Models Based on the Bolshoi Simulation

MBH - M* RelationUnderstanding the Structural Scaling Relations of Early-Type Galaxies 13

Figure 7. The black hole-stellar bulge scaling relation at z = 0.0
for the ‘No DI’ (red), ‘Stars DI’ (green) and ‘Stars+Gas DI’ (blue)
models. The solid black line shows the z = 0 observed relation
from McConnell & Ma (2013), with the dashed lines showing the
1 − σ scatter. The green error bars show the 1 − σ scatter for
the ‘Stars DI’ model and are similar in magnitude to the scatter
for the other two models. All three models have been tuned to
reproduce the normalization of the observed z = 0 relation and
show weak evolution with redshift. The relationship flattens at
the low mass end due to the 105 M! ‘seed’ black holes we have
adopted in our models.

masses (lower than 1010M!) there is no difference between
the two models; disk instabilities evidently have little effect
on low-mass disks in our SAMs.

4.2 Size-mass relation

In Figure 9, we show our model predictions for the size-
mass relation of early-type galaxies at z ∼ 0. We com-
pare to a sample of SDSS galaxies (Hyde & Bernardi 2009;
Shankar et al. 2010) that were selected to represent ellip-
tical galaxies and minimize the contribution by disky S0s;
for this reason we limit the analysis to galaxies with stellar
bulge-to-total ratios greater than 0.7. All three of our mod-
els that include dissipation predict a size-mass relationship
that qualitatively agrees with the slope and dispersion of
the observed relationship, falling within the 1-σ error range
for nearly three decades in stellar mass. We emphasize here
that the model for bulge sizes is never explicitly tuned to
observations; the only free parameters are constrained by
hydrodynamical simulations. The fact that we predict a lo-
cal size-mass relation that is in agreement with observations
is thus a key finding of this paper.

For comparison, we also include a version of the model
in which Crad = 0.0 for all mergers. This dissipation-
less model produces galaxies that are too large at all
masses, with a size-mass relation that is nearly flat be-
low 1010.5M!. As described above, the amount of dissipa-
tion is tied to the amount of gas present in the merger.
Since the gas fraction of disk-dominated galaxies increases
with decreasing stellar mass (Kannappan 2004), low-mass
spheroid-dominated galaxies are more likely to have formed
via gas-rich processes. Furthermore, more massive spheroid-
dominated galaxies are more likely to have undergone subse-

quent dry mergers, weakening the overall contribution from
dissipation.

We now turn to the evolution of the size-mass relation
to higher redshifts. Numerous observational studies (Trujillo
et al. 2006; Marchesini et al. 2007; Toft et al. 2007; Williams
et al. 2010) have shown that high-redshift quiescent galaxies
are more compact than their low-redshift counterparts; here
we compare to the results of a recent study by Newman et al.
(2012).

Following Newman et al. (2012), we select all galax-
ies with specific star formation (sSFR) rates less than
0.02 Gyr−1. For consistency with our other figures we also
limit the population to spheroid-dominated galaxies (B/T >
0.5), although the results do not change if we include all qui-
escent galaxies. We have converted the Newman et al. (2012)
results to a Chabrier IMF for consistency with our models.
The median size-mass relation at redshifts 0, 0.75, 1.25, and
1.75 is shown in Figure 10.

All three models qualitatively reproduce the evolution
of the mean size-mass relation since z = 1.75. We obtain
similar results if we compare to Williams et al. (2010), using
their evolving sSFR threshold (sSFR < 0.3 tH, where tH
is the Hubble time at that redshift). We note that similar
results are found above 1010.5M! if we use a mass-weighting
instead of a luminosity-weighting, and if we use the bulge
effective radius alone. Galaxies below ∼ 1010.5M! appear to
have a shallower size-mass relationship above z=1.25. This
is below the current limits of observational samples. The
relation is steeper if we consider the size of the spheroid
alone — evidently the flattening is due to the presence of a
more extended disk in these low-mass systems.

4.3 Faber-Jackson relation and the Fundamental

Plane

Observations have shown that early-type galaxies also fall on
a tight relation between stellar mass and velocity dispersion,
termed the Faber-Jackson (Faber & Jackson 1976, hereafter
FJ) relation. While this relation is a power law to first order
(Gallazzi et al. 2006), there are indications that it may be
better approximated by a broken power law (Tortora et al.
2009) or a curve (Hyde & Bernardi 2009; Cappellari et al.
2012), in the sense that more massive galaxies have relatively
lower velocity dispersions.

Our predicted FJ relation is shown in Figure 11. We
find that the SAM reproduces the normalization of the rela-
tion at redshift zero (Gallazzi et al. 2006). While the high-
redshift FJ relation is not yet well-constrained by obser-
vations, the SAM predicts that the normalization of the
relation increases weakly with redshift, in agreement with
observations (Cappellari et al. 2009).

The SAM agrees very well with the predictions of hy-
drodynamical simulations (Oser et al. 2012; Johansson et al.
2012) and observations of the evolution of the size-mass and
Faber-Jackson relations at fixed stellar mass (Trujillo et al.
2006; Cappellari et al. 2009; Williams et al. 2010; Newman
et al. 2012): galaxies at higher redshifts have higher veloc-
ity dispersions, but this evolution is much less dramatic than
the evolution in the size-mass relation. Hydrodynamical sim-
ulations (Dekel & Cox 2006; Robertson et al. 2006a; Hopkins
et al. 2010) have shown that galaxies that form via gas-rich
processes will be compact, with high velocity dispersions.
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Figure 4. Stellar mass function for “early type” galaxies at redshift zero. In both panels, the gray curves show the observational estimate
of the stellar mass function for galaxies with concentration c > 2.86 from Bernardi et al. (2010). The three colored lines show the ‘No
DI’ (red), ‘Stars DI’ (green) and ‘Stars+Gas DI’ (blue) models. In the left panel, the models are selected according to the stellar mass
bulge-to-total ratio (B/T > 0.5). In the right panel, we have assigned concentrations to the model galaxies using an empirical scaling
(see text), and selected them to have c > 2.86. The model in which bulges form and grow only due to mergers (No DI) appears to
underproduce early type galaxies in the mass range ∼ 2× 1010 to ∼ 3× 1011M!.

Figure 5. The fraction of “early type” galaxies at z = 0. The three colored lines show the ‘No DI’ (red), ‘Stars DI’ (green) and ‘Stars+Gas
DI’ (blue) models. In the left panel, concentrations have been assigned to the model galaxies using an empirical scaling (see text), and
the fraction of model galaxies with c > 2.6 is shown. The observed fraction of galaxies with c > 2.6 from Bernardi et al. (2010) is shown
with the black square symbols. In the middle panel, model predictions and observational results are shown for galaxies with c > 2.86
in a similar manner. In the right panel, we show model galaxies with stellar mass bulge-to-total ratio B/T > 0.7, compared with the
early type sample of Hyde & Bernardi (2009), shown with filled squares, and Cheng et al. (2011), shown with open circles. Again we see
that the model without disk instabilities fails to produce enough spheroid-dominated galaxies at intermediate masses, regardless of the
criteria used.

tional errors of McConnell & Ma (2013) at redshift zero —
not surprising as the models have been tuned to match the
normalization of the observed relationship. The models pre-
dict a shallower relation at low bulge masses. This is due
to the fact that galaxies are ‘seeded’ with a massive 105 M!

black hole, creating a floor in the black hole mass. We de-
fer a comprehensive study of the evolution of the black hole
scaling relations to future work (Hirschmann et al. in prep).

4.1 Growth of the stellar bulge

Figure 8 shows the evolution of the fraction of galaxies with
different values of the bulge-to-total ratio as a function of
stellar mass, from redshift zero to 1.75. We can see that
not only do the models with disk instabilities produce a
larger fraction of spheroid-dominated galaxies, as we have al-
ready seen, but massive spheroids also form earlier in these
models. In the models with spheroid growth via disk in-
stabilities, massive galaxies become spheroid-dominated at
high redshifts; above 1010.5 M! the majority of galaxies are
spheroid-dominated even at z = 1.75, while in the ‘No DI’
model, only about 30% of galaxies have B/T > 0.5. At low
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Figure 6. Relation between mass-weighted age, effective radius, and velocity dispersion for early-type galaxies in the P14 SAM (top)
and G09 observations (bottom). Here we plot only the region considered in G09. The different panels represent the three central slices of
the FP, as shown in Figure 2. In the SAM and the observations, stellar population age increases with velocity dispersion, but the SAM
galaxies display a narrower range in age. Galaxies that lie above the FP also tend to be younger than those that lie below the FP.

Figure 7. Relation between mass-weighted metallicity, effective radius, and velocity dispersion for early type galaxies in the P14 SAM
(top) and G09 observations (bottom). Here we plot only the region considered in G09. The different panels represent the three central
slices of the FP, as shown in Figure 2. While [Mg/H] depends strongly on velocity dispersion in G09, in the SAM metallicity depends
on both velocity dispersion and effective radius. The simulated galaxies tend to have slightly lower metallicities than observations on
average.
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The sun’s energy mainly comes from the p–p fusion cycle 
4p → 4He + 2e+ + 2ve + 26.73 MeV.  This is supressed because of quantum 
mechanical barrier penetration -- which keeps the sun fusing steadily, rather 
than exploding like a hydrogen bomb.  The fusion rate is proportional to the 
product of the Maxwell velocity and barrier penetration distributions, and is 
shown by the solid curve.  In addition to the p–p cycle, another cycle 
involving the elements C, N, and O accounts for about 1.6% of helium 
production in the Sun. Since the nuclear charges are larger, this cycle is 
more important for more massive hydrogen burning stars with higher core 
temperatures, such as Sirius A.
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Fig. 10.2 Curves showing at left the
Maxwell distribution of relative energy of
colliding nuclei, and at right the barrier
penetrability, for the p–p reaction. The fusion
rate is proportional to the product of these
distributions and is shown by the solid curve.
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requires L ∼ R and N ∼ R2/d2 steps, with an elapsed time t1 ∼ R2/cd .
Had the radiation been free to escape directly, the time to the surface
would only have been t2 = R/c, so that the process of radiative diffusion
has slowed down the rate at which energy escapes the Sun by a factor
t1/t2 = R/d . This is the factor by which the core luminosity, of order R2T 4

c ,
is reduced to the surface luminosity, of order R2T 4

s . Thus d/R ∼ (Ts/Tc)
4

and t1 = (R/d) (R/c) ∼ 1014 s or about a million years.

10.3 Hydrogen burning: the p–p cycle
in the Sun

The production of energy in the Sun is via the fusion of hydrogen to helium,
according to the net process

4p → 4He + 2e+ + 2ve + 26.73 MeV (10.5)

This process takes place in several stages. The first is the weak reaction (10.1)
forming a deuteron:

p + p → d + e+ + ve (10.6)

After most of the hydrogen in the stellar core is fused, a massive star’s central 
temperature must grow higher to fuse 4He to 12C, 16O, etc., the α-elements.
Other elements are also produced by fusion, e.g. 12C + 12C → 20Ne + 4He.
Eventually, the core becomes iron, with the highest binding energy per
nucleon.  Fusion can extract no further energy, so the core collapses.  About
99% of the gravitational energy released in such core-collapse supernovas 
escapes in a burst of neutrinos.  Detection the expected numbers and 
energies of neutrinos from the supernova 1987A in the Large Magellanic 
Cloud confirmed this basic theory -- see Perkins section 10.9.  Stars that star 
mofe massive than about 8M⦿ end their lives as core-collapse supernovae, 
which result in neutron stars or (for the most massive ones) black holes.

Elements more massive than iron are formed mainly by the r-process, in 
which neutrons rapidly join outgoing nuclei, which are simultaneously beta-
decaying.  The abundance of the heavy nuclei is thus determined by 
competition between neutron accretion and beta-decay.  The r-process also 
occurs in merging neutron stars.

How Galaxies Form Stars and Elements
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It is fortunate that in this case there is no resonance in 16O anywhere near
the threshold energy, so that not all the carbon is consumed as soon as it is
produced, and both carbon and oxygen are abundant elements in the universe.
Obviously, the existence of the 7.654 MeV resonance level in the carbon-12
nucleus was vital for the development of carbon-based biological molecules
and life as we know it in our particular universe.

10.5 Production of heavy elements

A massive star evolves further through fusion reactions to produce successively
heavier elements, involving higher Coulomb barriers and higher core
temperatures. A cross-section through the star would have an onion-like
appearance, as in Fig. 10.4, with the heaviest elements in the core and lighter
ones in spherical shells of successively larger radius and lower temperature.

H → He

He → C
C → Ne

Ne → O
O → Si

Fig. 10.4 Onion-like appearance of cross-
section of massive star at an advanced stage of
nuclear fusion. The heaviest elements are in
the core, where the temperature and density
are greatest, and are surrounded by lighter
elements in spherical layers of successively
lower temperatures and density.

Carbon burning commences when the core temperature and density are T ∼
5×108 K and 3×109 kg m−3 respectively, and leads to the production of neon,
sodium, and magnesium nuclei:

12C + 12C −→ 20Ne + 4He

−→ 23Na + p (10.16)

−→ 23Mg + n

At still higher temperatures, of order 2 × 109 K, oxygen burning leads to the
production of silicon:

16O + 16O −→ 28Si + 4He (10.17)

At such temperatures, the thermal photons have appreciable quantum energies.
For example, a tiny proportion (∼ 10−18) of the photons, with over 20 times
the mean energy, will have energies above 9 MeV and can therefore cause
photodisentegration of silicon, with the important production of helium nuclei:

γ + 28Si −→ 24Mg + 4He (10.18)

On account of their lower Coulomb barriers, the helium nuclei released can
now, by radiative capture, induce successive fusions to form sulphur, argon,
calcium, and eventually iron and nickel. These reactions proceed easily and the
overall rate is really determined by the first stage of photoproduction (10.18).
With the production of 56Fe however, the exothermic fusion process finally
ends, since as indicated in Fig. 10.1, iron is the most strongly bound nucleus.
The typical timescales, temperatures, and densities involved in nuclear fusion
reactions are indicated in Table 10.1. In fact only the most massive stars will
evolve to the iron/nickel stage. Less massive stars have smaller gravitational
potential energies, and hence (because of the virial theorem) lower thermal
energies and lower core temperatures. Stars of M < 5Msun, for example, cease
further thermonuclear fusion when they have attained carbon/oxygen cores.
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Fig. 10.1 Binding energy per nucleon as a
function of mass number A, for nuclei stable
against beta decay. The maximum binding
is in the Fe–Ni region of the Periodic Table
(Enge 1972).
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source of energy apart from gravitation, the energy radiated by the star must
always be compensated by further contraction, and a consequent increase in
pressure and temperature of the core. In fact the kinetic (heat) energy of the
star must be just equal to half its gravitational energy, an example of the virial
theorem on the partition of kinetic and potential energy in a non-relativistic
system of particles in thermal equilibrium, bound by an inverse square law
potential (see Section 7.2).

Further collapse of the star is eventually halted by the onset of thermonuclear
reactions. Figure 10.1 shows the binding energy per nucleon as a function of
the mass number A of the nucleus. It is clear that if two light nuclei fuse to form
a heavier nucleus, energy will be released, provided the product nucleus has
A < 56, the mass number of iron, for which the binding energy per nucleon is
a maximum. The amount of energy released is substantial. For example, if as
described below, helium is formed from hydrogen, the binding energy liberated
is of order 7 MeV per nucleon.

The electrostatic potential between two nuclei having charges Z1e and Z2e
and mass numbers A1 and A2 with separation r is V = Z1Z2e2/4πr. When just
in contact, r = r0 (A1/3

1 + A1/3
2 ) where r0 = 1.2 fm is the unit nuclear radius.

The first stage of the p–p fusion process in the Sun is the weak reaction

p + p → d + e+ + ve + 0.32 MeV (10.1)

with a Coulomb barrier height V0 = (1/4π)
(

e2/2r0
)

=
(

e2/4πh̄c
)

×(h̄c/2r0).
With e2/4πh̄c = α = 1/137, h̄c = 197 MeV fm and r0 = 1.2 fm one
finds V0 = 0.6 MeV. This is very much greater than the thermal energy of
protons at the core temperature of the Sun, which can be estimated from the
solar luminosity to be kT ∼ 1 keV. Although in classical terms the two nuclei
cannot therefore surmount the Coulomb barrier, in quantum mechanics they
can penetrate through it with finite probability. This effect had, in the 1920s,
successfully accounted for the long lives of radioactive nuclei undergoing alpha
decay. The barrier penetration probability is given by the approximate formula,

Binding energy per 
nucleon as a function of 
mass number A. The 
maximum is for Fe–Ni.
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At high densities, such as occur in stellar cores of stars that start with < 8 M⦿ 
at an advanced stage of evolution, a new form of pressure, in addition to gas 
pressure and radiation pressure, called electron degeneracy pressure, 
becomes important. To investigate the role of this degeneracy pressure, 
consider a gas of electrons at absolute zero temperature. The electrons will fall 
into quantum states of the lowest possible energy, and for this reason the gas 
is said to be degenerate. The Pauli exclusion principle applies to such identical 
fermions, so that each quantum state can be occupied by one electron only. At 
zero temperature, the energy is minimized if all the states are occupied, up to 
some maximum energy called the Fermi energy εF, and all states of energy ε > 
εF are unoccupied (see Figure at right). The corresponding momentum is 
called the Fermi momentum pF. For values of temperature T above zero, not 
all these quantum states are filled and the energy spectrum extends above the 

Type Ia Supernovae - Exploding White Dwarfs

10.6 Electron degeneracy pressure and stellar stability 281

Table 10.1 Nuclear fusion timescales for a star of 25 solar masses (after
Rolfs and Rodney 1988)

Fusion of: Time to complete Core temperature Core density (kg m−3)

H 7 × 106 yr 6 × 107 K 5 × 104

He 5 × 105 yr 2 × 108 K 7 × 105

C 600 yr 9 × 108 K 2 × 108

Ne 1 yr 1.7 × 109 K 4 × 109

O 0.5 yr 2.3 × 109 K 1 × 1010

Si 1 day 4.1 × 109 K 3 × 1010

EFEF

(a) (b)

(1
/p

E
) d

N
/d

E

Fig. 10.5 Distribution of electron energies
(a) for an electron gas at absolute zero
temperature, with all levels filled up to the
Fermi energy; and (b) for an electron gas
at finite, low temperature, where electrons
begin to spill over into states above the Fermi
energy.

10.6 Electron degeneracy pressure and
stellar stability

At high densities, such as occur in stellar cores at an advanced stage of the
evolutionary path, a new form of pressure, in addition to gas pressure and
radiation pressure, called electron degeneracy pressure, becomes important.
To investigate the role of this degeneracy pressure, consider a gas of electrons
at absolute zero temperature. The electrons will fall into quantum states of the
lowest possible energy, and for this reason the gas is said to be degenerate.
The Pauli exclusion principle applies to such identical fermions, so that each
quantum state can be occupied by one electron only. At zero temperature, the
energy is minimized if all the states are occupied, up to some maximum energy
called the Fermi energy εF, and all states of energy ε > εF are unoccupied (see
Fig. 10.5). The corresponding momentum is called the Fermi momentum pF.
For values of temperature T above zero, not all these quantum states are filled
and the energy spectrum extends above the Fermi energy. Ultimately, when
kT >> εF, the energy distribution reverts to the Fermi–Dirac distribution
described by equation (5.56).

Going back to the case of the completely degenerate electron gas of
Fig. 10.5(a), the number of electrons in a physical volume V with momentum
p < pF will be

N = geV
∫

4πp2dp
h3 = geV

4πp3
F

(3h)3 (10.19)

where ge = 2 is the number of spin substates of each electron, and 4πp2dp/h3

is the number of states in phase space per unit volume. The number density of

Distribution of electron energies 
(a) for an electron gas at 
absolute zero temperature, with 
all levels filled up to the Fermi 
energy; and (b) for an electron 
gas at finite, low temperature, 
where electrons begin to spill 
over into states above the 
Fermi energy.Fermi energy. Ultimately, when kT >> εF, the energy distribution 

reverts to the Fermi–Dirac distribution.  When the electrons are 
non-relativistic, their pressure can support the collapsed star -- a 
white dwarf.  But the electrons become relativistic if the white dwarf 
mass exceeds MChandra ≈ 1.4 M⦿, known as the Chandrasekhar 
mass, and the white dwarf explodes as a Type Ia SNe, producing
~ 0.5 M⦿ of cobalt, nickel, and iron.  Most of the iron-group 
elements are produced by Type Ia SNe.  

Type Ia SNe can result from accretion of gas by a white dwarf 
(called a “single-degenerate” process) or merger to two white 
dwarfs (“double-degenerate” process).  Several double-degenerate 
Type Ia SNe have been observed, and may even represent a 
majority of Type Ia SNe.  Type Ia SNe can be normalized and used 
as distance indicators, since there is an empirical relation between 
the length of time to brighten and dim and the absolute peak 
luminosity.  
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Tuesday, March 11, 14

http://hubblesite.org/newscenter/archive/releases/2008/16/video/d/
http://hubblesite.org/newscenter/archive/releases/2008/16/video/d/


Tuesday, March 11, 14



Lotz, Jonsson, Cox, Primack 2008 Galaxy Merger Morphologies and Time-Scales from Simulations
  analyzed to determine observability timescales using CAS, G-M20, pairs ➙ merger rates
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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
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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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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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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.
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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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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-
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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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