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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 and dark matter halo 
properties, basis for semi-analytic models 

Hydrodynamic galaxy formation simulations: 
evolution of galaxies, formation of galactic 
spheroids, mock galaxy images and spectra 
including stellar evolution and dust effects
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Figure 15. The ratio of the distinct halo number densites between the Bolshoi-Planck nBP and the Bolshoi nB simulations as a function
of Vmax at z = 0, 1, 2, 4, 6 and z = 8.

Figure 16. Redshift evolution of the subhalo maximum circular
velocity function, with circular velocity Vacc measured at accre-
tion.

Using this definition we can thus derive the maximum cir-
cular velocity function as:

dnsub

d log Vsub
=

∫

Φsub(Vsub|Vmax)
dnh

d log Vmax
d log Vmax. (50)

Figure 17. Redshift evolution of the subhalo circular velocity
function, as a function of the subhalo’s peak circular velocity
Vpeak.

6 HALO CONCENTRATION AND SPIN

6.1 Halo concentrations

High resolution N−body simulations have shown that the
density profile of dark matter halos can be well described by
the Navarro, Frenk & White (1996, NFW) profile,
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Figure 1. Observational constraints on σ8 and ΩM com-
pared to values assumed in cosmological N−body simulations.
The observations plotted are as follows: WMAP5+BAO+SN
(Hinshaw et al. 2009), WMAP7+BAO+H0 (Jarosik et al.
2011), WMAP9+eCMB+BAO+H0 (Hinshaw et al. 2013a),
Planck13+WP+highL+BAO (Planck Collaboration et al. 2014),
and Planck15+TT,TE,EE+lowP+lensing+ext (Planck Collabo-
ration et al. 2015a).

bilee (Watson et al. 2013), DarkSky (Skillman et al. 2014), Q
Continuum (Heitmann et al. 2015), ν2GC (Ishiyama et al.
2015), and Bolshoi-Planck and MultiDark-Planck (Klypin
et al. 2014) simulations. Figure 1 shows the WMAP5/7/9
(Hinshaw et al. 2013b) and Planck 2013 (Planck Collabo-
ration et al. 2014) and Planck 2015 (Planck Collaboration
et al. 2015a) cosmological parameters σ8 and ΩM , and the
cosmological parameters adopted for these simulations. The
Millennium simulations used the first-year (WMAP1) pa-
rameters (Spergel et al. 2003); the Bolshoi, Q Continuum,
and Jubilee simulations used the WMAP5/7 cosmological
parameters; while the ν2GC and Bolshoi-Planck simulations
used the Planck 2013 parameters, and the DarkSky simula-
tions used parameters between WMAP9 and Planck 2013.

In this paper we use the Rockstar halo finder
(Behroozi, Wechsler & Wu 2013) and Consistent Trees

(Behroozi et al. 2013) to analyze results for the re-
cent Bolshoi-Planck (BolshoiP), Small MultiDark-Planck
(SMDPL) and MultiDark-Planck (MDPL) simulations
based on the 2013 Planck cosmological parameters (Planck
Collaboration et al. 2014) and compatible with the Planck
2015 parameters (Planck Collaboration et al. 2015a). The
BolshoiP, SMDPL and MDPL simulations are not the
largest of the new high-resolution simulations, but they do
have the advantage that they have been analyzed in great
detail, and all of these analyses are being made publicly
available. In addition, in this paper we show the effects of
the change from the WMAP5/7 to the Planck 2013 cosmo-
logical parameters.

In this paper we focus on the scaling relations of sev-
eral basic halo properties, updating their scaling relations as
a function of redshift for the Planck cosmological parame-
ters as well as the redshift evolution of halo/subhalo number
densities. For the majority of these halo properties we report
fitting functions that can be very useful not only to gain in-
sight about the halo/subhalo population but also for the
galaxy-halo connection and thus for galaxy evolution. In-

deed, techniques such as subhalo abundance matching and
halo occupation distribution models require as inputs the
halo/subhalo number densities. Furthermore, simplified pre-
scriptions for the evolution of dark matter halo properties
are ideal tools for people interested in understanding average
properties of halos and the galaxies that they host.

Here we analyze all dark matter halos and subhalos
found by Rockstar, and do not just focus on those that sat-
isfy some criteria for being “relaxed” or otherwise “good,”
in contrast to some earlier studies of dark matter halo prop-
erties (e.g., Bett et al. 2007; Macciò et al. 2007; Ludlow
et al. 2014). The reason is that all sufficiently massive halos
are expected to host galaxies or, for the more massive ones,
groups or clusters of galaxies.

This paper is an introduction to a series of papers
presenting additional analyses of the Bolshoi-Planck and
MultiDark-Planck simulations. The statistics and physical
meaning of halo concentration are discussed in detail in
Klypin et al. (2014), which is also an overview of the Bolshoi-
Planck and MultiDark-Planck simulations, including Big-
MultiDark simulations in (2.5h−1Gpc)3 volumes that we
do not discuss here since they are mainly useful for statis-
tics of galaxy clusters. The Stellar Halo Accretion Rate Co-
evolution (SHARC) assumption—i.e., that the star forma-
tion rate of central galaxies on the main sequence of star
formation is proportional to their host halo’s mass accretion
rate—was explored in Rodŕıguez-Puebla et al. (2016), which
used abundance matching based on the Bolshoi-Planck sim-
ulation. That paper showed that SHARC is remarkably con-
sistent with the observed galaxy star formation rate out to
z ∼ 4 and that the ∼ 0.3 dex dispersion in the halo mass
accretion rate is consistent with the observed small disper-
sion of the star formation rate about the main sequence. The
clustering properties of halos and subhalos is the subject of
Rodriguez-Puebla et al. 2016b (in prep.). How properties of
dark matter halos vary with the density of their environment
on length scales from 0.5 to 16 h−1 Mpc is discussed in Lee
et al. (2016a, in prep.), which shows among other things that
halos in low-density regions experience lower tidal forces
and have lower spin parameters, and that a large fraction
of lower-mass halos in high-density regions are “stripped,”
i.e. their mass at z = 0 is less than that of their progeni-
tors at higher redshifts. Another paper (Lee et al., 2016b,
in prep.) studies the causes of halo stripping and properties
of such stripped halos. Further papers comparing with ob-
servations are also in preparation, along with mock galaxy
catalogs based on Bolshoi-Planck.

This paper is organized as follows: §2 discusses the sim-
ulations and how we define the halo mass. §3 describes the
key scaling relations for distinct halos (i.e., those that are
not subhalos) and gives figures and fitting formulas for max-
imum halo circular velocity (§3.1), halo mass accretion rates
(§3.2) and mass growth (§3.3). §4 discusses halo (§4.1) and
subhalo (§4.2) number densities, and the number of subha-
los as a function of their host halo mass (§4.3). §5 presents
the halo and subhalo velocity functions. §4 and §5 also com-
pare the Planck cosmology halo mass and velocity functions
with those from the WMAP5/7 cosmological parameters. §6
discusses the dependence of halo concentration and spin on
mass and redshift. §7 discusses the evolution of the Tully-
Fisher and Faber-Jackson relations between halo circular
velocity Vmax and the stellar mass of the central galaxies
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Figure 7. Left Panel: The halo mass function from z = 0 to z = 9. Right Panel: Cumulative halo mass function. The various solid
lines show the fits to the simulations, Equation (25).

Figure 8. Amplitude of linear perturbations, σ(Mvir), as a func-
tion of Mvir. The red solid line shows the numerical solution to
Equation (26). The dashed black line shows the fit to the ampli-
tude of perturbations given by Equation (29).

halo mass function using the best fit parameters from table
3.

Figure 10 shows the ratio of the number densities nBP

and nB between the Bolshoi-Planck and the Bolshoi sim-
ulations as a function of Mvir from z = 0 to z = 8. The
different cosmological parameters imply that at z = 0, on
average, there are ∼ 12% more Milky-Way mass halos in the
Bolshoi-Planck than in the Bolshoi simulation. This fraction
increases to higher masses, ∼ 25% for Mvir ∼ 3 × 1013M⊙.
This fraction also increases with redshift, and we find that
at z = 2, 4 and 6 there are ∼ 25, 40 and 60% more Milky-
Way mass halos in the Bolshoi-Planck than in the Bolshoi
simulation. At z = 8, there are about 3 times as many
Mvir = 1011M⊙ halos in Bolshoi-Planck as in Bolshoi.

In the cold dark matter cosmology it is predicted that
the number density of dark matter halos is a strong function
of halo mass at low masses dnh/dMvir ∝ M−1.8

vir . In contrast,
the observed galaxy stellar mass function, as well as the lu-
minosity function, has a slope that is flatter. Recent analysis

Figure 9. Characteristic halo mass MC as a function of redshift.
The red solid line shows the numerical solution to Equation (31).
The dashed black line shows our numerical fit to MC given by
Equation (29).

have found slopes between α ∼ 1.4−1.6 (Blanton et al. 2005;
Baldry, Glazebrook & Driver 2008; Baldry et al. 2012) mean-
ing that, for some reason, the star formation efficiency in low
mass halos has been suppressed (e.g. Behroozi, Wechsler &
Conroy 2013b; Moster, Naab & White 2013). Nevertheless,
measurements of the baryonic mass have found slopes as
steep as α ∼ 1.9 (Baldry, Glazebrook & Driver 2008).

4.2 Subhalo mass function

Subhalos can lose a significant fraction of their mass due
to tidal striping. Since tidal stripping affects the dark mat-
ter more than the stars of the central galaxy deep inside
the halo, this means that the correlation between galaxy
stellar mass and present subhalo mass is not trivial. There-
fore in approaches for connecting galaxies to dark matter
(sub)halos, such as the abundance matching technique, it
has been shown that the mass the subhalo had when it
was still a distinct halo correlates better with the stellar
mass of the galaxy it hosts. This comes from the fact that
when assuming identical stellar-to-halo mass relations for
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Aldo Rodŕıguez-Puebla1⋆, Peter Behroozi2,3, Joel Primack4, Anatoly Klypin5,
Christoph Lee4, Doug Hellinger4
1Department of Astronomy and Astrophysics, University of California, Santa Cruz, CA 95064, USA
2Astronomy and Physics Departments and Theoretical Astrophysics Center, University of California, Berkeley, Berkeley CA 94720, USA
3Hubble Fellow
4Physics Department, University of California, Santa Cruz, CA 95064, USA
5Department of Astronomy, New Mexico State University, Las Cruces, NM 88001, USA

Released 2016 Xxxxx XX

ABSTRACT

We report and provide fitting functions for the abundance of dark matter halos and
subhalos as a function of mass, circular velocity, and redshift from the new Bolshoi-
Planck and MultiDark-Planck ΛCDM cosmological simulations, based on the Planck
cosmological parameters. We also report the halo mass accretion rates, which may
be connected with galaxy star formation rates. We show that the higher cosmological
matter density of the Planck parameters compared with the WMAP parameters leads
to higher abundance of massive halos at high redshifts. We find that the median halo
spin parameter λB = J(2MvirRvirVvir)−1 is nearly independent of redshift, leading
to predicted evolution of galaxy sizes that is consistent with observations, while the
significant decrease with redshift in median λP = J |E|−1/2G−1M−5/2 predicts more
decrease in galaxy sizes than is observed. Using the Tully-Fisher and Faber-Jackson
relations between galaxy velocity and mass, we show that a simple model of how galaxy
velocity is related to halo maximum circular velocity leads to increasing overprediction
of cosmic stellar mass density as redshift increases beyond redshifts z ∼ 1, implying
that such velocity-mass relations must change at redshifts z >

∼ 1. By making a realistic
model of how observed galaxy velocities are related to halo circular velocity, we show
that recent optical and radio observations of the abundance of galaxies are in good
agreement with our ΛCDM simulations. Our halo demographics are based on updated
versions of the Rockstar and Consistent Trees codes, and this paper includes
appendices explaining all of their outputs. This paper is an introduction to a series of
related papers presenting other analyses of the Bolshoi-Planck and MultiDark-Planck
simulations.

Key words: Cosmology: Large Scale Structure - Dark Matter - Galaxies: Halos -
Methods: Numerical

1 INTRODUCTION

In the ΛCDM standard modern theory of structure for-
mation in the universe, galaxies populate dark matter
halos and subhalos. The demographics of these halos
as a function of redshift are thus an important input
to the prediction of the properties and distribution of
galaxies. A number of large cosmological simulations have

⋆ rodriguez.puebla@gmail.com

now been run (see e.g. Kuhlen, Vogelsberger & Angulo
2012), although many cover large volumes but with res-
olution too low to identify all dark matter halos that
host most galaxies. The mass resolution required to do
this is <∼ 108h−1M⊙, and the force resolution should be
<∼ 1h−1 kpc. High-resolution cosmological dark matter
simulations that are particularly useful for studying galaxy
hosts include the Millennium simulations (Springel et al.
2005; Boylan-Kolchin et al. 2009; Angulo et al. 2012),
Bolshoi (Klypin, Trujillo-Gomez & Primack 2011),
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Table 1. Numerical and cosmological parameters for the simulations analyzed in this paper. The columns give the simulation
identifier on the CosmoSim website, the size of the simulated box in h−1 Gpc, the number of particles, the mass per simulation
particle mp in units h−1 M⊙, the Plummer equivalent gravitational softening length ϵ in units of physical h−1 kpc, the
adopted values for ΩMatter, ΩBaryon, ΩΛ, σ8, the spectral index ns, and the Hubble constant H0 in km/s/Mpc. The
references for these simulations are (a) Klypin et al. (2014), (b) Klypin, Trujillo-Gomez & Primack (2011), (c) Prada et al.
(2012).

Simulation box particles mp ϵ ΩM ΩB ΩΛ σ8 ns H0 Code Ref.

BolshoiP 0.25 20483 1.5 × 108 1.0 0.307 0.048 0.693 0.823 0.96 67.8 ART a
SMDPL 0.4 38403 9.6 × 107 1.5 0.307 0.048 0.693 0.829 0.96 67.8 GADGET-2 a
MDPL 1.0 38403 1.5 × 109 5 0.307 0.048 0.693 0.829 0.96 67.8 GADGET-2 a

Bolshoi 0.25 20483 1.3 × 108 1.0 0.270 0.047 0.730 0.820 0.95 70.0 ART b
MultiDark 1.0 20483 8.7 × 109 7.0 0.270 0.047 0.730 0.820 0.95 70.0 ART c

Figure 3. Left Panel: Maximum halo circular velocity, Vmax, as a function of Mvir at z = 0, 2, 4, 6 and 8. Medians are shown as the
solid lines for the BolshoiP and MDPL simulations, filled circles are the medians of the SMDPL simulation. At z = 0 the grey band is
the 68% range of the maximum circular velocity. The dotted lines show the fits to the simulation. A single power law is able to reproduce
the results from the simulation. The slopes are approximately independent of redshift with a value of ∼ 1/3. Right Panel: The highest
maximum circular velocity reached along the main progenitor branch, Vpeak, as a function of Mvir at z = 0, 2, 4, 6 and 8. Similarly to
the Vmax panel, medians are shown as the solid lines. At z = 0 the grey band is the 1σ (68%) range of the maximum circular velocity.
The dotted lines show the fits to the simulation. Also, the slopes are approximately independent of redshift with a value of ∼ 1/3.

(§6.1 shows that for the NFW radial halo mass distribution,
Rmax = 2.1626× Rs.) Because Vmax characterizes the inner
halo, it may correlate better with the properties of the cen-
tral galaxy than Mvir does. The left panel of Figure 3 shows
the medians of the maximum halo circular velocity, Vmax,
as a function of Mvir at z = 0, 2, 4, 6 and 8, solid lines. The
grey band at z = 0 shows the 68% range of the maximum
circular velocity, i.e., the halo distribution between the 16th
and 84th percentiles. We find that the 68% range of the
distribution is approximately independent of redshift and
halo mass, with a value of ∼ 0.05 dex. In general, the Vmax–
Mvir relation follows a power law-fit at all redshifts and over
the mass range where we can resolve distinct halos in the
Bolshoi-Planck simulations, Mvir ∼ 1010.2M⊙. To a good
approximation, the Vmax–Mvir slope is given by α ∼ 1/3,
as expected from spherical collapse. In reality, however, the
slope depends slightly on redshift as we will quantify below.

Distinct halos can lose mass due to stripping events as
a result of interactions with other halos. In consequence,
the maximum halo circular velocity Vmax can significantly
decrease. This reduction in Vmax can introduce an extra
source of uncertainty when relating galaxies to dark mat-
ter halos, since it is expected that stripping would affect
halos more significantly than the central galaxies deep in-
side them. Therefore, in the case of stripped halos, the cor-
relation between the present Vmax of the halo and galaxy
stellar mass/luminosity is not trivial. Indeed, Moster et al.
(2010) and Reddick et al. (2013) found that the highest
maximum circular velocity reached along the halo’s main
progenitor branch, Vpeak, is a better halo proxy for galaxy
stellar mass/luminosity. For these reasons we find it useful
to report the Vpeak–Mvir relation in this paper.

The right panel of Figure 3 shows the redshift evolu-
tion of the highest maximum circular velocity reached along
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Figure 19. Halo concentration as a function of Mvir at z = 0, 1, 2, 4, and 6. The left panel in the figure shows halo concentrations
calculated by finding the scale radius, Rs assuming a NFW profile in the simulation. Instead, the right panel shows Klypin halo
concentrations from determining the scale radius, Rs using the Vmax and Mvir relationship from the NFW formulae (see text). Solid lines
in the left panel show the resulting Klypin concentrations by solving Equation (52) and using the best fitting values for the Vmax −Mvir

relation from Section 3.1.

Figure 20. Spin parameter as a function of Mvir at z = 0, 2, 4, 6, and 8. Medians are shown as the solid lines. At z = 0 the grey area is
the 68% range of the distribution. The left panel of this figure shows the spin parameter calculated using Equation (54) while the right
panel shows the spin parameter calculated using Equation (55).

Table 8. Best fit parameters to Schechter-like distribution function for P (log λ)d logλ.

Simulation αP βP log λ0,P αB βB log λ0,B

BolshoiP 4.126 0.610 -2.919 3.488 0.6042 -2.878

SMDPL 4.090 0.612 -2.917 4.121 0.611 -2.916

MDPL 4.047 0.612 -2.914 3.468 0.591 -2.907

c⃝ 2016 RAS, MNRAS 000, 1–??

Dark Matter Halo Spin Parameter as a function of Mvir.

Medians are shown as the solid lines. At z = 0 the grey area is the 68% range of the distribution. 
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Figure 18. Mean cumulative number of subhalos of maximum circular velocity Vsub for host halos with maximum velocities Vmax =
200, 500, 1000 and 1580 km /s as a function of Vsub/Vmax for (left panel) Vsub = Vacc, and (right panel) Vsub = Vpeak. The dotted
curve is the fitting function Equation (47).

Φsub(Vsub|Vmax) =
d⟨Nsub(> Vsub|Vmax)⟩

d log Vsub
. (48)

Using this definition we can thus derive the maximum cir-
cular velocity function as:

dnsub

d log Vsub
=

∫

Φsub(Vsub|Vmax)
dnh

d log Vmax
d log Vmax. (49)

6 HALO CONCENTRATION AND SPIN

6.1 Halo concentrations

High resolution N−body simulations have shown that the
density profile of dark matter halos can be well described by
the Navarro, Frenk & White (1996, NFW) profile,

ρNFW(r) =
4ρs

(r/Rs)(1 + r/Rs)2
. (50)

The scale radius Rs is the radius where the logarithmic slope
of the density profile is -2. The NFW profile is completely
characterized by two parameters, for example ρs and Rs,
or more usefully the halo mass, Mvir, and its concentration
parameter, cvir. The concentration parameter is defined as
the ratio between the virial radius Rvir and the scale radius
Rs:

cvir =
Rvir

Rs
. (51)

Figure 19 shows halo concentrations, cvir, as a function
of Mvir for redshifts z = 0, 1, 2, 4, and 6. The left panel
of the figure shows halo concentrations calculated by find-
ing the best scale radius, Rs assuming a NFW profile for
each halo in the simulation. Instead, the right panel shows
halo concentrations calculated by determining the scale ra-
dius, Rs using the Vmax andMvir relationship from the NFW
formulae, see Klypin, Trujillo-Gomez & Primack (2011) and
Klypin et al. (2014); (see also, Behroozi, Wechsler & Wu
2013). For the NFW profile, the radius at which the circu-
lar velocity is maximized is Rmax = 2.1626Rs (Klypin et al.
2001; Behroozi, Wechsler & Wu 2013), and it can be shown
that

cvir
f(cvir)

= V 2
max

Rvir

GMvir

2.1626
f(2.1626)

(52)

where

f(x) ≡ ln(1 + x)− x
1 + x

. (53)

The Klypin concentration cvir,K can be found be solving
Equation (52) numerically. It is more robust than deter-
mining Rs by fitting the NFW profile, especially for halos
with few particles, since halo profiles are not well deter-
mined both at distances comparable to the simulation force
resolution and also at large distances near Rvir. Figure 19
shows that at high redshifts NFW concentrations are sys-
tematically lower than Klypin concentrations. Fitting func-
tions for cvir,K are given in Klypin et al. (2014) for all halos
and for relaxed halos, for both Bolshoi-Planck/MultiDark-
Planck and Bolshoi/MultiDark simulations; fitting functions
are also given there for concentrations of halos defined by
the 200c overdensity criterion. Key processes that drive the
evolution of halo concentration are also discussed there.
Diemer & Kravtsov (2015) discusses the relation between
halo concentration, the slope of the fluctuation power spec-
trum and the peak height.

The solid lines in the left panel of Figure 19 show the re-
sulting Klypin concentrations by solving Equation (52) and
using the best fitting values for the Vmax − Mvir relation
from Section 3.1, see Equation (5). At z = 0 and z = 1 the
resulting concentrations are in very good agreement with
what is found in the simulation with an accuracy of ∼ 3%
for halos above Mvir = 1010h−1M⊙. However, at higher red-
shifts z = 2, 4, 6, our predicted Klypin concentrations have
an accuracy of ∼ 10%.

6.2 Halo Spin

The left panel of Figure 20 shows the medians for the spin
parameter λP as a function of Mvir at z = 0, 2, 4, 6, and 8.
The spin parameter for every halo in the simulations was
calculated using the definition (Peebles 1969):

λP =
J |E|1/2

GM5/2
vir

, (54)

where J and E are the total angular momentum and the
total energy of a halo of mass Mvir. As others have found,
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Figure 21. Halo spin distribution for the BolshoiP (upper left), SMDPL (bottom left) and MDPL (bottom right) simulations. Filled
grey circles show the λP distribution while the red circles show the λB distribution. Solid lines show the best fit to a Schechter-like
function, Equation (57), while the dotted lines show the best fit for a lognormal distribution, Equation (56). The black (blue) lines are
the best fits to the λB (λP ) distributions. Both distributions are well fit at low values by the Schechter-like distribution, which also is a
good fit the the λP distribution at higher values, while λB is somewhat better fit by a log-normal distribution at higher values.

Table 7. Best fit parameters to the lognormal distribution func-
tion P (log λ)d logλ.

Simulation σP log λ0,P σB log λ0,B

BolshoiP 0.248 -1.423 0.268 -1.459

SMDPL 0.249 -1.435 0.268 -1.471

MDPL 0.250 –1.438 0.271 –1.443

the spin parameter λP correlates only weakly with halo mass
especially at z = 0. The median value for Milky Way mass
halos (i.e., with Mvir ∼ 1012h−1M⊙) at z = 0 is λP ∼ 0.036,
and it decreases a factor of ∼ 1.8 at z = 6, that is, λP ∼ 0.02.
For Milky Way mass halos, the dispersion is approximately
∼ 0.24 dex at z = 0 and it decreases to ∼ 0.16 dex at z = 6.
Note that the dispersion is not symmetric, meaning that
the distribution of λP is not a lognormal distribution. This
is consistent with previous findings based on high resolution
N−body simulations (e.g., Bett et al. 2007).

The right panel of Figure 20 shows the spin distribution
calculated using the alternative definition (Bullock et al.
2001a):

λB =
J√

2MvirVvirRvir

, (55)

which can be obtained from Equation (54) by assuming all
particles to be in circular orbits. Similarly to λP, the spin
parameter λB correlates only weakly with halo mass espe-
cially at z = 0. We found that the median value for Milky
Way mass halos at z = 0 is λP ∼ 0.035 and it decreases to
λP ∼ 0.027 at z = 6. For Milky Way mass halos, the dis-
persion of λB is slightly larger than of λP; we find that it is
∼ 0.27 dex at z = 0 and it decreases to ∼ 0.2 dex at z = 6.

The spin parameter λB slightly increases at high red-
shifts especially for low mass halos, Mvir

<∼ 1012M⊙. In con-
trast, the value of the spin parameter λP shows a system-
atic decrease as redshift increases. This was previously noted
over the interval z = 0− 2 by Hetznecker & Burkert (2006),
who attribute the different evolution of the two spin param-
eters mainly to different effects of minor mergers on λP and
λB.

Figure 21 quantifies in more detail the distribution of
halo spins separately for the BolshoiP, SMDPL and MDPL
simulations. In order to avoid resolution effects and to obtain
reliable statistics, we calculate the distribution of halo spins
in the halo mass range 1011 − 1014h−1M⊙ for the BolshoiP
(upper left panel) and SMDPL (bottom left panel) simula-
tions, while for the MDPL (bottom right panel) simulation
we do the same but for the mass range 1012 − 1014h−1M⊙.
In all the panels the grey filled circles show the distribution
for λP while the red filled circles show the distribution for
λB. As anticipated from the λ−Mvir relationship, the log λ
distributions are asymmetrical. This is more evident for λP
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Figure 23. Cosmic stellar mass density since z ∼ 9. Filled circles
show the observations compiled in Madau & Dickinson (2014).
The solid curves show the predicted cosmic stellar mass den-
sity using fits to the Tully-Fisher and Faber-Jackson velocity-
to-stellar-mass relations as described in the text, assuming that
these relations are independent of redshift and that the Vmax of
dark matter halos is the same as the Vmax,g of galaxies. The solid
black line shows the predicted cosmic stellar mass density for a
range of stellar masses log(M∗/M⊙) = 8.5−11.25. Comparing the
red curve, for log(M∗/M⊙) = 7− 11.25, to the black curve shows
that including lower stellar masses increases ρ∗ more at high red-
shifts; comparing the blue curve, for log(M∗/M⊙) = 7−12, to the
black and red curves shows that including higher stellar masses
increases ρ∗ more at low redshifts. Clearly, all of these predic-
tions are inconsistent with observations at z >

∼ 1—they produce
too much stellar mass density at early redshifts, and the wider
stellar mass range represented by the blue curve exceeds the ob-
served stellar mass density even at z = 0. Since the stellar mass
function is evolving, velocity-mass relations like Tully-Fisher must
also evolve. The dotted lines show the predictions when using a
model in which the maximum circular velocity-to-stellar mass re-
lation evolves with redshift as described in the text.

dence between the maximum circular velocity of halos and
galaxies, i.e., Vmax = Vmax,g. To do so, our first step is to
convert the Tully-Fisher and Faber-Jackson relations into
circular velocities. Arguments based on the Jeans equation
in virialized systems result in the relation Vc = Kσ, where
typical values for K are

√
2−

√
3 (Binney & Tremaine 2008).

While there is an extensive discussion in the literature of
what is the right value for K, following Dutton et al. (2011)
here we assume that K = 1.54 which is a value halfway
between different groups. The next step is to derive an av-
erage maximum circular velocity-to-stellar mass relation for
all galaxies: ⟨log Vmax,g⟩ = ⟨log Vmax,g⟩(logM∗). The method
is to use the average Tully-Fisher and Faber-Jackson rela-
tions for local galaxies and take into account the observed
fraction of disk and elliptical galaxies. For simplicity, we as-
sume that all disk galaxies are star-forming systems while
ellipticals correspond to quiescent galaxies. Then the aver-
age maximum circular velocity is given by

⟨log Vmax,g⟩ = fSF⟨log Vmax,TF⟩+ fQ⟨log Vmax,FJ⟩. (61)

where ⟨log Vmax,FJ⟩ = ⟨log(1.54σ)⟩ and fSF = 1 − fQ. Note
that the above equation depends on stellar mass. We take
the fraction of quiescent galaxies fQ from Behroozi, Wech-

sler & Conroy (2013b), and we use the fits for the Tully-
Fisher and Faber-Jackson relations reported in Dutton et al.
(2011). The fraction of quiescent galaxies fQ has been taken
from Behroozi, Wechsler & Conroy (2013b). We assume for
simplicity that the maximum circular velocity of dark matter
halos, Vmax, corresponds to the maximum circular velocity of
galaxies, Vmax,g, i.e., Vmax = Vmax,g. In this way, we can then
solve Equation (61), ⟨log Vmax,g⟩ = ⟨log Vmax,g⟩(logM∗), for
M∗ and thus transform velocities into stellar mass.

The black solid line in Figure 23 shows the predicted
cosmic stellar mass density for galaxies with stellar mass
M∗ = 108.5 − 1011.25M⊙ since z = 9 assuming that
⟨log Vmax,g⟩(logM∗) is independent of redshift, and the red
and blue curves are the same for wider ranges of stellar
masses. For comparison, we plot a recent compilation from
Madau & Dickinson (2014) of the evolution of the observed
stellar mass density. Our simple model represented by the
black curve seems to be roughly consistent with the obser-
vational evidence of the weak evolution of the maximum cir-
cular velocity since z ∼ 1. In contrast, at high redshifts the
model produces far too many stars. We thus conclude that
a strong evolution of the Tully-Fisher and Faber-Jackson re-
lations is required to higher redshifts in order to reconcile
the predicted cosmic stellar mass density with observations.

Based only on theoretical arguments, is it possible
to derive a simple model for the redshift evolution for
⟨log Vmax,g⟩(logM∗)? In Section 3.1, we found that the evo-
lution of the maximum circular velocity of dark matter halos
is well described by Vmax ∝ [MvirE(z)]α. In other words,
the zero point of the maximum circular velocity evolves with
E(z)α. If we adopt the same reasoning, we can assume that
the zero point of the Tully-Fisher and Faber-Jackson rela-
tions evolve with redshift as E(z)αTF and E(z)αFJ respec-
tively, where αTF = 0.259 and αFJ = 0.37 are their corre-
sponding slopes at z = 0. The dotted line in Figure 23 shows
the predicted cosmic star formation rate density based on
this simple evolutionary model. Despite the simplicity of this
model, the predictions are much more consistent with obser-
vations at high redshifts than the non-evolving model that
led to the solid black line in the figure. Nevertheless, the
above models are very simple and they ignore the fact that
the Vmax of dark matter halos is not the Vmax,g of galaxies,
as we discuss in the next section.

8 OBSERVED VELOCITY FUNCTION OF

NEARBY GALAXIES

Previous studies have considered that the observed distri-
bution of galaxy velocities is a strong test for galaxy for-
mation models and cosmology (Cole & Kaiser 1989; Shi-
masaku 1993; Klypin et al. 1999b). The reason is simply
because the comparison, at a first order, between the the-
oretical halo+subhalo velocity function and the observed
velocity function of galaxies is more direct than the stel-
lar mass/luminosity and halo+subhalo mass functions. In
this section, we compare the local volume galaxy velocity
function derived from optical galaxy observations in Klypin
et al. (2015) and the HI radio galaxy velocity function based
on the ALFALFA survey from Papastergis et al. (2015) to
compare with the theoretical halo+subhalo velocity function
from ΛCDM with the Planck cosmological parameters.
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Table 8. Best fit parameters to Schechter-like distribution function for P (log λ)d logλ.

Simulation αP βP log λ0,P αB βB log λ0,B

BolshoiP 4.126 0.610 -2.919 3.488 0.6042 -2.878

SMDPL 4.090 0.612 -2.917 4.121 0.611 -2.916

MDPL 4.047 0.612 -2.914 3.468 0.591 -2.907

of λ and Rvir. Specifically the relation is given by Rd ∝
λ×Rvir ∝ λ×M1/3

vir . As before, if we assume for simplicity
that the Mb/Mvir ratio is constant, the relation between
a galaxy’s radius and its baryonic mass is given by Rd ∝
λ×M1/3

b . Note that the scatter of the size–mass relation is
just the resulting scatter of the λ − Mvir relation. Indeed,
the dispersion of the spin parameter, either λP or λB, is
very similar to the observed dispersion of disk galaxy scale
lengths at least at low redshifts where reliable measurements
can be obtained (see e.g., Mosleh, Williams & Franx 2013).

Note that the different redshift evolution of the λP −
Mvir and λB − Mvir relations leads to different predictions
of the Rd − Mb relation and its evolution. In particular,
models of galaxy formation calculating galaxy sizes based
on the spin parameter λB will result in more extend galaxies
(and potentially in larger numbers of low surface brightness
galaxies) at high redshifts compared to those models using
λP. Is also possible that galaxy star formation rates could
be affected since more extended galaxies presumably have
lower gas surface densities than more compact disks, and
thus lower SFRs according to the Kennicutt-Schmidt law.

Two recent papers have discussed the evolution of
galaxy sizes out to redshift z ∼ 8 using Hubble Space Tele-
scope images, mainly from the CANDELS survey. Shibuya,
Ouchi & Harikane (2015) finds that the median effective ra-
dius re evolves with redshift as re ∝ (1 + z)−1.3, with no
evolution in the slope, the median Sérsic index (n ∼ 1.5), or
the standard deviation of the log-normal distribution. They
find that the ratio of the effective radius to the virial radius
of the halos is nearly constant at re/Rvir = 0.01 − 0.035.
This is just what one would expect from the lack of red-
shift evolution in λB, while the factor of ∼ 2 decline in λP

from z = 0 to 8 would predict a corresponding decline in
the ratio re/Rvir. The other recent paper, Curtis-Lake et al.
(2014), finds a slower decline of effective radius with red-
shift, and in fact cannot reject the possibility that there is
no size evolution. This is possibly consistent with the mod-
est increase with redshift of λB for lower mass halos, and
inconsistent with the expected decrease in re/Rvir from the
decline in λP. The radii of these high-redshift galaxies are
being measured in rest-frame UV, which is typically rather
clumpy (Shibuya et al. 2015; Curtis-Lake et al. 2014). It
will be very interesting to see what sort of galaxy size evolu-
tion with higher redshifts is revealed by James Webb Space
Telescope at rest-frame optical wavelengths.

7 ON THE EVOLUTION OF Vmax −M∗

Early determinations of the evolution in the maximum cir-
cular velocity and the stellar mass/luminosity relations—

Figure 22. Evolution of the velocity function Vmax for fixed
Vmax = 100, 190 and 450 km /s for the BolshoiP, SMDPL, and
MDPL simulations. The solid lines are the fits to Equation (42).
For low velocities the velocity function is practically constant after
redshift z ∼ 4, while for high velocity halos it is nearly constant
after redshift z ∼ 1.

the Tully-Fisher relation for spiral galaxies and the Faber-
Jackson relation for ellipticals—have found only a weak evo-
lution from z ∼ 0.85 to 0 (Conselice et al. 2005). This result
has been further supported and generalized in Kassin et al.
(2007) from z ∼ 1 to 0, based on fairly large samples of
galaxies from AEGIS and DEEP2 and adopting the indi-
cator S2

0.5 = 0.5V 2
max + σ2

g which accounts for disordered
motions (Weiner et al. 2006; Covington et al. 2010). On the
other hand, observations indicate that at z <∼ 1.5 the number
density of star forming galaxies at a fixed velocity evolves
very little, while the number density of quiescent galaxies
evolves more rapidly (e.g., Bezanson, van Dokkum & Franx
2012).

Figure 22 shows that the comoving number density of
low circular velocity halos is nearly constant since z ∼ 4
but high mass/velocity halos have more evolution. Halos of
a given circular velocity at high redshift are lower in mass
but denser than halos of the same circular velocity at lower
redshift. To what extent is the nearly constant comoving
number density of halos as a function of their circular ve-
locity consistent with the weak evolution of the Tully-Fisher
relation? This is particularly interesting if the galaxy stellar
mass function evolves with redshift, as was first pointed out
in Bullock et al. (2001b).

In this section we investigate the above question assum-
ing that the Tully-Fisher and Faber-Jackson relations do not
evolve with redshift and that there is a one-to-one correspon-

c⃝ 2016 RAS, MNRAS 000, 1–??

The cumulative number of halos > Vmax is 
pretty constant out to redshift z ~ 4 for 
galaxy-mass halos.  But these halos are 
smaller and denser, so they cannot host 
high-M* galaxies at high redshifts.

Tully-Fisher and Faber-Jackson M* ~ V4 

scaling relations for spiral and elliptical 
galaxies must raise their zero point by  
z ~ 1, or they would predict far too high 
stellar mass density at z > 1.

Halo and Subhalo Demographics with Planck Cosmological 
Parameters: Bolshoi-Planck and MultiDark-Planck Simulations 

Aldo Rodrìguez-Puebla, Peter Behroozi, Joel Primack, Anatoly Klypin, Christoph Lee, Doug Hellinger

Halo Number Density

MNRAS 462, 893 (2016)



Christoph Lee, USCC

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

P
(
l
o
g

1
0
⇢ �

/⇢
av

g
)

log10 ⇢�/⇢avg

z = 0

Smoothed Density Distributions

Fitted GEVDs: � = 1/2 Mpc/h
1

2

4

8

16

1

10

�8

10

�6

10

�4

10

�2

-3 -2 -1 0 1 2 3 4 5

P
(
l
o
g

10
⇢ �

/⇢
av

g
)

log10 ⇢�/⇢avg

z = 0

1/2

1

� = 2 Mpc/h

4

8

16

Smoothed Density Distributions

Fitted GEVDs

Properties of Dark Matter Haloes: Local Environment Density
Christoph T. Lee, Joel R. Primack, Peter Behroozi, Aldo Rodríguez-Puebla, Doug Hellinger, Avishai Dekel

Density Distributions submitted to MNRAS



Christoph Lee, USCC

1

10

10

�7

10

�6

10

�5

10

�4

10

�3

10

�2

10

�1

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3

P
(
l
o
g

1
0
⇢ �

/⇢
av

g
)

log10 ⇢�/⇢avg

� = 1 Mpc/h

z = 0 0.5 1 2

• Range of densities 
increases with time

• Voids become emptier, 
clusters become denser

Properties of Dark Matter Haloes: Local Environment Density
Christoph T. Lee, Joel R. Primack, Peter Behroozi, Aldo Rodríguez-Puebla, Doug Hellinger, Avishai Dekel

Density Distribution
at z = 0, 0.5, 1, 2

Generalized Extreme Value Distribution

submitted to MNRAS



Christoph Lee, USCC

-5

-3

-1

z = 0 z = 0.5

-5

-3

-1

10 11 12 13 14

z = 1

11 12 13 14 15

z = 2

All Centrals P (log10 ⇢4/⇢avg) < 10%

10� 30% 30� 50% 50� 70% 70� 90% > 90%

l
o
g

1
0

d
n
/d

l
o
g

1
0

M
v
i
r

[
h
3

M
p
c

�
3

]

log

10

M
vir

/M� log

10

M
vir

/M�

• Density percentiles of full 
simulation volume used to 
select consistent density 
ranges at different redshifts

• Characteristic mass lower 
in low density regions than 
high density regions

• More well defined 
characteristic mass at low 
redshift than high redshift 
(abrupt vs gradual change 
in slope)

• Abundance matching is        
~ independent of density 
(Radu Dragomir, Aldo 
Rodriguez-Puebla, et al.)

Halo Mass Functions

Properties of Dark Matter Haloes: Local Environment Density
Christoph T. Lee, Joel R. Primack, Peter Behroozi, Aldo Rodríguez-Puebla, Doug Hellinger, Avishai Dekel

submitted to MNRAS



Christoph Lee, USCC

10

20

30

log10 Mvir = 11.20± 0.375 11.95 12.70 13.45

2.5

3.0

3.5

4.0

-6

-2

2

0 1 2 0 1 2 0 1 2 0 1 2

z = 0

C
N
F
W

log10 Mvir/MC = �1.5± 0.375 �0.75 0

95% CI
� = 1/2 [h�1Mpc]

0.75

1
2

4
8

16

�
B
[
1
0

�
2
]

˙ M
⌧ d

y
n
/M

[
1
0

�
1
1
y
r

�
1
]

log10 ⇢�/⇢avg log10 ⇢�/⇢avg log10 ⇢�/⇢avg log10 ⇢�/⇢avg

10

20

30

log10 Mvir = 11.20± 0.375 11.95 12.70 13.45

2.5

3.0

3.5

4.0

-6

-2

2

0 1 2 0 1 2 0 1 2 0 1 2

z = 0

C
N
F
W

log10 Mvir/MC = �1.5± 0.375 �0.75 0

95% CI
� = 1/2 [h�1Mpc]

0.75

1
2

4
8

16

�
B
[
1
0

�
2
]

˙ M
⌧ d

y
n
/M

[
1
0

�
1
1
y
r

�
1
]

log10 ⇢�/⇢avg log10 ⇢�/⇢avg log10 ⇢�/⇢avg log10 ⇢�/⇢avg

50

log10 Mvir = 11.20± 0.375 11.95 12.70 13.45

50

50

z = 0

hP
(
C

N
F
W
)
i

log10 Mvir/MC = �1.5± 0.375

40

60

80

�0.75 0

95% CI
� = 1/2 [h�1Mpc]

0.75

1
2

4
8

16

hP
(
�
B
)
i

40

60

hP
(

˙ M
⌧ d

y
n
/M

)
i

P(⇢�)

20

40

60

20 40 60 80

P(⇢�)
20 40 60 80

P(⇢�)
20 40 60 80

P(⇢�)
20 40 60 80

50

log10 Mvir = 11.20± 0.375 11.95 12.70 13.45

50

50

z = 0

hP
(
C

N
F
W
)
i

log10 Mvir/MC = �1.5± 0.375

40

60

80

�0.75 0

95% CI
� = 1/2 [h�1Mpc]

0.75

1
2

4
8

16

hP
(
�
B
)
i

40

60

hP
(

˙ M
⌧ d

y
n
/M

)
i

P(⇢�)

20

40

60

20 40 60 80

P(⇢�)
20 40 60 80

P(⇢�)
20 40 60 80

P(⇢�)
20 40 60 80

10

20

30

log10 Mvir = 11.20± 0.375 11.95 12.70 13.45

2.5

3.0

3.5

4.0

-6

-2

2

0 1 2 0 1 2 0 1 2 0 1 2

z = 0

C
N
F
W

log10 Mvir/MC = �1.5± 0.375 �0.75 0

95% CI
� = 1/2 [h�1Mpc]

0.75

1
2

4
8

16

�
B
[
1
0

�
2
]

˙ M
⌧ d

y
n
/M

[
1
0

�
1
1
y
r

�
1
]

log10 ⇢�/⇢avg log10 ⇢�/⇢avg log10 ⇢�/⇢avg log10 ⇢�/⇢avg

BOTTOM:
• Halos rank ordered by local density.  Medians represented by rank in halo property
• Each mass bin adjusted such that density percentile bins contain consistent mass distributions
• Large smoothing scales reflect averaging of behavior seen at small smoothing scales
• Relevant ‘local’ scale changes with mass — environment of low mass halos well described with 1 Mpc/h scale, 

high mass with 4 Mpc/h scale

Properties of Dark Matter Haloes: Local Environment Density
Christoph T. Lee, Joel R. Primack, Peter Behroozi, Aldo Rodríguez-Puebla, Doug Hellinger, Avishai Dekel

Low Mass High MassIntermediate Mass
submitted to MNRAS

M
as

s 
A

cc
re

tio
n 

R
at

e

Pe
rc

en
til

iz
ed

 
A

cc
re

tio
n 

R
at

e



Properties of Dark Matter Haloes: Local Environment Density 9

50

log10 Mvir = 11.20± 0.375 11.95 12.70 13.45

50

50

z = 0

hP
(C

N
F
W
)i

log10 Mvir/MC = �1.5± 0.375

40

60

80

�0.75 0

95% CI

� = 1/2 [h�1
Mpc]

0.75

1

2

4

8

16

hP
(�

B

)i

40

60

hP
(Ṁ
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Figure 6. Medians of scatter in rank ordered distributions of ⇢ �CNFW, ⇢ � �B, and ⇢ � Ṁ/M at z = 0. The vertical axes reflect the rank ordered percentile
of the medians in each density percentile bin, with respect to all distinct (central) halos in the given mass bin. The shaded grey filled curve represents the
95% confidence interval on the median, shown only for the characteristic smoothing length �s,char = 1, 2, 4, and 8Mpc/h for mass bins from left to right,
respectively. For halos less massive than MC, we see that concentrations tend to be lower in lower density regions, except at the lowest densities, where they
increase. Spin parameters are maximized in median density regions, and decreased in high and low density regions. Accretion rates are heavily suppressed
in high density regions and maximized in low density regions. For halos with Mvir > MC, the trends are less dynamic and less well constrained due to low
statistics, but show similar relationships overall. Note that high mass halos are not found in low density regions, so the trends observed represent trends in
relatively high density regions only.

uniquely for each halo property presented and provides a less biased
determination of the median properties of halo progenitors than a
simple low statistics cuto�. Finally, each curve is smoothed using
a gaussian filter with smoothing � = 2, 3, 6, and 10 timesteps for
mass bins from left to right columns, respectively. We discuss our
interpretation of Fig. 7 and related progenitor property figures in
the following sections.

5.3 Mass Accretion Rate

In Fig. 6 we see that except for the most massive halos, those in
higher density regions have suppressed accretion rates compared to
halos in lower density regions. From Fig. 5, we can additionally see
that in very high density regions, the median accretion rates for halos
less massive than MC even become substantially negative, indicating
a net loss, or "stripping" of material from the halo. Accretion rates
of halos in median and low density regions tend to be very similar,
if not marginally higher in low density regions. It should again
be noted that halos more massive that MC span a much narrower
range of local densities and have far poorer statistics compared to

less massive halos, resulting in typically less dynamic correlations
between halo properties and local density.

Fig. 7 Rows 3 and 4 show the evolution of virial mass and
instantaneous specific accretion rate for halos in low, median, and
high density regions at z = 0. Halos in high density regions tend to
have much more massive progenitors compared to halos in median
and low density regions and accrete material more rapidly and
sooner than halos in lower density regions. Halos in high density
regions also experience much lower accretion rates at late times.

In Fig. 9 Row 1, we plot the relation between local density and
the half-mass scale factor aM1/2 , used in this analysis as an indicator
of halo formation time. Consistent with the mass growth profiles
from Fig. 7, we see that low mass halos in high density regions
form earlier than halos in lower density regions. In Fig. 8 Row 1,
we see that halos in high density regions at z = 0 experience much
higher tidal forces than halos in lower density regions, particularly at
z

<⇠ 1. Furthermore, Fig. 9 Row 4, shows that tidal force correlates
strongly with local density. Thus, tidal forces histories along the
MMPBs of z = 0 halos are closely related to their local density
histories. For halos in high density regions at z = 0, the strongly
reduced median tidal force their progenitors experience at redshifts

© 2016 RAS, MNRAS 000, 1–18
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• Most low mass halos in dense regions are significantly stripped
• Halos that have lost 5-15% of their mass relative to Mpeak have lower C, higher λ
• Halos that have lost more than 25% of their mass have higher C and lower λ
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Is Main Sequence SFR Controlled by Halo Mass Accretion?

We theorists make very complicated models of the star formation 
rate (SFR) in galaxies — but

One can show that this must be true on average
Our radical SHARC (stellar halo accretion rate co-evolution) 
hypothesis is that this may be true halo-by-halo for dark matter 
halos hosting star-forming galaxies 4 BEHROOZI, WECHSLER & CONROY
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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

Galaxy Stellar/Halo Mass
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Figure 1. Star formation rate as a function of stellar mass for star-forming galaxies. Open circles indicate the UV+IR SFRs from a stacking analysis, with a second-order
polynomial fit above the mass completeness limits (solid vertical lines). Open squares signify measurements below the mass-completeness limits. The running medians
for individually detected objects in MIPS 24 µm imaging with S/N > 3 (shown as a gray-scale density plot in the Panel (a), left) are indicated with filled circles in the
right panel and are color-coded by redshift. The number of star-forming galaxies with S/N > 3 detections in the 24 µm imaging and those with S/N < 3 are indicated
in the bottom right of each panel. The star formation sequence for star-forming galaxies is curved, with a constant slope of unity at log(M⋆/M⊙) < 10 (solid black
line in Panel (b) is linear), whereas the slope at the massive end flattens with α = 0.3–0.6 from z = 0.5 to z = 2.5. We show the SDSS curve (gray dotted line in Panel
(b)) from Brinchmann et al. (2004) as it is one of the few measurements that goes to very low mass, but it is based on another SFR indicator.
(A color version of this figure is available in the online journal.)

Wuyts et al. 2007; Williams et al. 2009; Bundy et al. 2010;
Cardamone et al. 2010; Whitaker et al. 2011; Brammer et al.
2011; Patel et al. 2012); quiescent galaxies have strong Balmer/
4000 Å breaks, characterized by red rest-frame U–V colors
and relatively blue rest-frame V–J colors. Following the two-
color separations defined in Whitaker et al. (2012a), we select
58,973 star-forming galaxies at 0.5 < z < 2.5 from the 3D-
HST v4.0 catalogs.14 Of these, 39,106 star-forming galaxies are
above the mass-completeness limits (Tal et al. 2014). Among
the UVJ-selected star-forming galaxies with masses above the
completeness limits, 22,253 have S/N > 1 MIPS 24 µm
detections (amongst which 9,015 have S/N > 3) and 35,916 are
undetected in MIPS 24 µm photometry (S/N < 1).15 The full
sample of star-forming galaxies are considered in the stacking
analysis. Although we have not removed sources with X-ray
detections in the following analysis, we estimate the contribution
of active galactic nuclei (AGNs) to the median 24 µm flux
densities in Section 4.2.

3. THE STAR FORMATION SEQUENCE

Figure 1 shows the star formation sequence, log Ψ as a
function of log M⋆, in four redshifts bins from z = 0.5 to
z = 2.5. We use a single SFR indicator, the UV+IR SFRs
described in Section 2.4, probing over two decades in stellar
mass. The gray scale represents the density of points for star-
forming galaxies selected in Section 2.5 with S/N > 3 MIPS

14 Essentially identical to the publicly released catalogs available through
http://3dhst.research.yale.edu/Data.html, with the same catalog identifications
and photometry.
15 Even though the SFR is dominated by the IR contribution, the limiting
factor here is the depth of the Spitzer/MIPS 24 µm imaging.

24 µm detections, totaling 9015 star-forming galaxies over the
full redshift range. Mass completeness limits are indicated by
vertical lines. The GOODS-N and GOODS-S fields have deeper
MIPS imaging (3σ limit of ∼10 µJy) and HST/WFC3 JF125W

and HF160W imaging (5σ ∼ 26.9 mag), whereas the other three
fields have shallower MIPS imaging (3σ limits of ∼20 µJy) and
HST/WFC3 JF125W and HF160W imaging (5σ ∼ 26.3 mag).
The mass completeness limits in Figure 1 correspond to the
90% completeness limits derived by Tal et al. (2014), calculated
by comparing object detection in the CANDELS/deep with a
re-combined subset of the exposures that reach the depth of
the CANDELS/wide fields. Although the mass completeness
in the deeper GOODS-N and GOODS-S fields will extend to
lower stellar masses, we adopt the more conservative limits for
the shallower HST/WFC3 imaging.

First, we look at the measurements for individual galaxies.
The running median of the individual UV+IR measurements
of the SFR are indicated with solid circles when the data are
complete both in stellar mass and SFR (above the shallower
data 3σ MIPS 24 µm detection limit).16 We consider all MIPS
photometry in the median for the individual UV+IR SFRs
measurements (filled circles), even those galaxies intrinsically
faint in the IR. Only 1% of the star-forming galaxies above the
20 µJy limit in each redshift bin have 24 µm photometry with
S/N < 1.

To leverage the additional decade lower in stellar mass
that the CANDELS HST/WFC3 imaging enables us to probe

16 In the case of the 1.0 < z < 1.5 and 1.5 < z < 2.5 bins, the filled circles
representing individual measurements are limited by the 3σ 24 µm
completeness limits (horizontal dotted line, ∼20 µJy), which therefore makes
it appear as though the higher redshift sample extends to lower completeness
limits due to the strongly evolving normalization.
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Figure 1. Star formation rate as a function of stellar mass for star-forming galaxies. Open circles indicate the UV+IR SFRs from a stacking analysis, with a second-order
polynomial fit above the mass completeness limits (solid vertical lines). Open squares signify measurements below the mass-completeness limits. The running medians
for individually detected objects in MIPS 24 µm imaging with S/N > 3 (shown as a gray-scale density plot in the Panel (a), left) are indicated with filled circles in the
right panel and are color-coded by redshift. The number of star-forming galaxies with S/N > 3 detections in the 24 µm imaging and those with S/N < 3 are indicated
in the bottom right of each panel. The star formation sequence for star-forming galaxies is curved, with a constant slope of unity at log(M⋆/M⊙) < 10 (solid black
line in Panel (b) is linear), whereas the slope at the massive end flattens with α = 0.3–0.6 from z = 0.5 to z = 2.5. We show the SDSS curve (gray dotted line in Panel
(b)) from Brinchmann et al. (2004) as it is one of the few measurements that goes to very low mass, but it is based on another SFR indicator.
(A color version of this figure is available in the online journal.)

Wuyts et al. 2007; Williams et al. 2009; Bundy et al. 2010;
Cardamone et al. 2010; Whitaker et al. 2011; Brammer et al.
2011; Patel et al. 2012); quiescent galaxies have strong Balmer/
4000 Å breaks, characterized by red rest-frame U–V colors
and relatively blue rest-frame V–J colors. Following the two-
color separations defined in Whitaker et al. (2012a), we select
58,973 star-forming galaxies at 0.5 < z < 2.5 from the 3D-
HST v4.0 catalogs.14 Of these, 39,106 star-forming galaxies are
above the mass-completeness limits (Tal et al. 2014). Among
the UVJ-selected star-forming galaxies with masses above the
completeness limits, 22,253 have S/N > 1 MIPS 24 µm
detections (amongst which 9,015 have S/N > 3) and 35,916 are
undetected in MIPS 24 µm photometry (S/N < 1).15 The full
sample of star-forming galaxies are considered in the stacking
analysis. Although we have not removed sources with X-ray
detections in the following analysis, we estimate the contribution
of active galactic nuclei (AGNs) to the median 24 µm flux
densities in Section 4.2.

3. THE STAR FORMATION SEQUENCE

Figure 1 shows the star formation sequence, log Ψ as a
function of log M⋆, in four redshifts bins from z = 0.5 to
z = 2.5. We use a single SFR indicator, the UV+IR SFRs
described in Section 2.4, probing over two decades in stellar
mass. The gray scale represents the density of points for star-
forming galaxies selected in Section 2.5 with S/N > 3 MIPS

14 Essentially identical to the publicly released catalogs available through
http://3dhst.research.yale.edu/Data.html, with the same catalog identifications
and photometry.
15 Even though the SFR is dominated by the IR contribution, the limiting
factor here is the depth of the Spitzer/MIPS 24 µm imaging.

24 µm detections, totaling 9015 star-forming galaxies over the
full redshift range. Mass completeness limits are indicated by
vertical lines. The GOODS-N and GOODS-S fields have deeper
MIPS imaging (3σ limit of ∼10 µJy) and HST/WFC3 JF125W

and HF160W imaging (5σ ∼ 26.9 mag), whereas the other three
fields have shallower MIPS imaging (3σ limits of ∼20 µJy) and
HST/WFC3 JF125W and HF160W imaging (5σ ∼ 26.3 mag).
The mass completeness limits in Figure 1 correspond to the
90% completeness limits derived by Tal et al. (2014), calculated
by comparing object detection in the CANDELS/deep with a
re-combined subset of the exposures that reach the depth of
the CANDELS/wide fields. Although the mass completeness
in the deeper GOODS-N and GOODS-S fields will extend to
lower stellar masses, we adopt the more conservative limits for
the shallower HST/WFC3 imaging.

First, we look at the measurements for individual galaxies.
The running median of the individual UV+IR measurements
of the SFR are indicated with solid circles when the data are
complete both in stellar mass and SFR (above the shallower
data 3σ MIPS 24 µm detection limit).16 We consider all MIPS
photometry in the median for the individual UV+IR SFRs
measurements (filled circles), even those galaxies intrinsically
faint in the IR. Only 1% of the star-forming galaxies above the
20 µJy limit in each redshift bin have 24 µm photometry with
S/N < 1.

To leverage the additional decade lower in stellar mass
that the CANDELS HST/WFC3 imaging enables us to probe

16 In the case of the 1.0 < z < 1.5 and 1.5 < z < 2.5 bins, the filled circles
representing individual measurements are limited by the 3σ 24 µm
completeness limits (horizontal dotted line, ∼20 µJy), which therefore makes
it appear as though the higher redshift sample extends to lower completeness
limits due to the strongly evolving normalization.
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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

The stellar mass to halo mass ratio at multiple 
redshifts as derived from observations compared to 
the Bolshoi cosmological simulation. Error bars show 
1σ uncertainties. A time-independent Star Formation 
Efficiency predicts a roughly time-independent stellar 
mass to halo mass relationship.  (Behroozi, 
Wechsler, Conroy, ApJL 2013)

Star-forming Galaxies Lie 
on a “Main Sequence”

Just as the properties of hydrogen-burning stars 
are controlled by their mass, the galaxy star 
formation rate (SFR) is approximately 
proportional to the stellar mass, with the 
proportionality constant  increasing with redshift up 
to about z = 2.5.  (Whitaker et al. ApJ 2014)
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Figure 1. Star formation rate as a function of stellar mass for star-forming galaxies. Open circles indicate the UV+IR SFRs from a stacking analysis, with a second-order
polynomial fit above the mass completeness limits (solid vertical lines). Open squares signify measurements below the mass-completeness limits. The running medians
for individually detected objects in MIPS 24 µm imaging with S/N > 3 (shown as a gray-scale density plot in the Panel (a), left) are indicated with filled circles in the
right panel and are color-coded by redshift. The number of star-forming galaxies with S/N > 3 detections in the 24 µm imaging and those with S/N < 3 are indicated
in the bottom right of each panel. The star formation sequence for star-forming galaxies is curved, with a constant slope of unity at log(M⋆/M⊙) < 10 (solid black
line in Panel (b) is linear), whereas the slope at the massive end flattens with α = 0.3–0.6 from z = 0.5 to z = 2.5. We show the SDSS curve (gray dotted line in Panel
(b)) from Brinchmann et al. (2004) as it is one of the few measurements that goes to very low mass, but it is based on another SFR indicator.
(A color version of this figure is available in the online journal.)

Wuyts et al. 2007; Williams et al. 2009; Bundy et al. 2010;
Cardamone et al. 2010; Whitaker et al. 2011; Brammer et al.
2011; Patel et al. 2012); quiescent galaxies have strong Balmer/
4000 Å breaks, characterized by red rest-frame U–V colors
and relatively blue rest-frame V–J colors. Following the two-
color separations defined in Whitaker et al. (2012a), we select
58,973 star-forming galaxies at 0.5 < z < 2.5 from the 3D-
HST v4.0 catalogs.14 Of these, 39,106 star-forming galaxies are
above the mass-completeness limits (Tal et al. 2014). Among
the UVJ-selected star-forming galaxies with masses above the
completeness limits, 22,253 have S/N > 1 MIPS 24 µm
detections (amongst which 9,015 have S/N > 3) and 35,916 are
undetected in MIPS 24 µm photometry (S/N < 1).15 The full
sample of star-forming galaxies are considered in the stacking
analysis. Although we have not removed sources with X-ray
detections in the following analysis, we estimate the contribution
of active galactic nuclei (AGNs) to the median 24 µm flux
densities in Section 4.2.

3. THE STAR FORMATION SEQUENCE

Figure 1 shows the star formation sequence, log Ψ as a
function of log M⋆, in four redshifts bins from z = 0.5 to
z = 2.5. We use a single SFR indicator, the UV+IR SFRs
described in Section 2.4, probing over two decades in stellar
mass. The gray scale represents the density of points for star-
forming galaxies selected in Section 2.5 with S/N > 3 MIPS

14 Essentially identical to the publicly released catalogs available through
http://3dhst.research.yale.edu/Data.html, with the same catalog identifications
and photometry.
15 Even though the SFR is dominated by the IR contribution, the limiting
factor here is the depth of the Spitzer/MIPS 24 µm imaging.

24 µm detections, totaling 9015 star-forming galaxies over the
full redshift range. Mass completeness limits are indicated by
vertical lines. The GOODS-N and GOODS-S fields have deeper
MIPS imaging (3σ limit of ∼10 µJy) and HST/WFC3 JF125W

and HF160W imaging (5σ ∼ 26.9 mag), whereas the other three
fields have shallower MIPS imaging (3σ limits of ∼20 µJy) and
HST/WFC3 JF125W and HF160W imaging (5σ ∼ 26.3 mag).
The mass completeness limits in Figure 1 correspond to the
90% completeness limits derived by Tal et al. (2014), calculated
by comparing object detection in the CANDELS/deep with a
re-combined subset of the exposures that reach the depth of
the CANDELS/wide fields. Although the mass completeness
in the deeper GOODS-N and GOODS-S fields will extend to
lower stellar masses, we adopt the more conservative limits for
the shallower HST/WFC3 imaging.

First, we look at the measurements for individual galaxies.
The running median of the individual UV+IR measurements
of the SFR are indicated with solid circles when the data are
complete both in stellar mass and SFR (above the shallower
data 3σ MIPS 24 µm detection limit).16 We consider all MIPS
photometry in the median for the individual UV+IR SFRs
measurements (filled circles), even those galaxies intrinsically
faint in the IR. Only 1% of the star-forming galaxies above the
20 µJy limit in each redshift bin have 24 µm photometry with
S/N < 1.

To leverage the additional decade lower in stellar mass
that the CANDELS HST/WFC3 imaging enables us to probe

16 In the case of the 1.0 < z < 1.5 and 1.5 < z < 2.5 bins, the filled circles
representing individual measurements are limited by the 3σ 24 µm
completeness limits (horizontal dotted line, ∼20 µJy), which therefore makes
it appear as though the higher redshift sample extends to lower completeness
limits due to the strongly evolving normalization.
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Figure 1. Star formation rate as a function of stellar mass for star-forming galaxies. Open circles indicate the UV+IR SFRs from a stacking analysis, with a second-order
polynomial fit above the mass completeness limits (solid vertical lines). Open squares signify measurements below the mass-completeness limits. The running medians
for individually detected objects in MIPS 24 µm imaging with S/N > 3 (shown as a gray-scale density plot in the Panel (a), left) are indicated with filled circles in the
right panel and are color-coded by redshift. The number of star-forming galaxies with S/N > 3 detections in the 24 µm imaging and those with S/N < 3 are indicated
in the bottom right of each panel. The star formation sequence for star-forming galaxies is curved, with a constant slope of unity at log(M⋆/M⊙) < 10 (solid black
line in Panel (b) is linear), whereas the slope at the massive end flattens with α = 0.3–0.6 from z = 0.5 to z = 2.5. We show the SDSS curve (gray dotted line in Panel
(b)) from Brinchmann et al. (2004) as it is one of the few measurements that goes to very low mass, but it is based on another SFR indicator.
(A color version of this figure is available in the online journal.)

Wuyts et al. 2007; Williams et al. 2009; Bundy et al. 2010;
Cardamone et al. 2010; Whitaker et al. 2011; Brammer et al.
2011; Patel et al. 2012); quiescent galaxies have strong Balmer/
4000 Å breaks, characterized by red rest-frame U–V colors
and relatively blue rest-frame V–J colors. Following the two-
color separations defined in Whitaker et al. (2012a), we select
58,973 star-forming galaxies at 0.5 < z < 2.5 from the 3D-
HST v4.0 catalogs.14 Of these, 39,106 star-forming galaxies are
above the mass-completeness limits (Tal et al. 2014). Among
the UVJ-selected star-forming galaxies with masses above the
completeness limits, 22,253 have S/N > 1 MIPS 24 µm
detections (amongst which 9,015 have S/N > 3) and 35,916 are
undetected in MIPS 24 µm photometry (S/N < 1).15 The full
sample of star-forming galaxies are considered in the stacking
analysis. Although we have not removed sources with X-ray
detections in the following analysis, we estimate the contribution
of active galactic nuclei (AGNs) to the median 24 µm flux
densities in Section 4.2.

3. THE STAR FORMATION SEQUENCE

Figure 1 shows the star formation sequence, log Ψ as a
function of log M⋆, in four redshifts bins from z = 0.5 to
z = 2.5. We use a single SFR indicator, the UV+IR SFRs
described in Section 2.4, probing over two decades in stellar
mass. The gray scale represents the density of points for star-
forming galaxies selected in Section 2.5 with S/N > 3 MIPS

14 Essentially identical to the publicly released catalogs available through
http://3dhst.research.yale.edu/Data.html, with the same catalog identifications
and photometry.
15 Even though the SFR is dominated by the IR contribution, the limiting
factor here is the depth of the Spitzer/MIPS 24 µm imaging.

24 µm detections, totaling 9015 star-forming galaxies over the
full redshift range. Mass completeness limits are indicated by
vertical lines. The GOODS-N and GOODS-S fields have deeper
MIPS imaging (3σ limit of ∼10 µJy) and HST/WFC3 JF125W

and HF160W imaging (5σ ∼ 26.9 mag), whereas the other three
fields have shallower MIPS imaging (3σ limits of ∼20 µJy) and
HST/WFC3 JF125W and HF160W imaging (5σ ∼ 26.3 mag).
The mass completeness limits in Figure 1 correspond to the
90% completeness limits derived by Tal et al. (2014), calculated
by comparing object detection in the CANDELS/deep with a
re-combined subset of the exposures that reach the depth of
the CANDELS/wide fields. Although the mass completeness
in the deeper GOODS-N and GOODS-S fields will extend to
lower stellar masses, we adopt the more conservative limits for
the shallower HST/WFC3 imaging.

First, we look at the measurements for individual galaxies.
The running median of the individual UV+IR measurements
of the SFR are indicated with solid circles when the data are
complete both in stellar mass and SFR (above the shallower
data 3σ MIPS 24 µm detection limit).16 We consider all MIPS
photometry in the median for the individual UV+IR SFRs
measurements (filled circles), even those galaxies intrinsically
faint in the IR. Only 1% of the star-forming galaxies above the
20 µJy limit in each redshift bin have 24 µm photometry with
S/N < 1.

To leverage the additional decade lower in stellar mass
that the CANDELS HST/WFC3 imaging enables us to probe

16 In the case of the 1.0 < z < 1.5 and 1.5 < z < 2.5 bins, the filled circles
representing individual measurements are limited by the 3σ 24 µm
completeness limits (horizontal dotted line, ∼20 µJy), which therefore makes
it appear as though the higher redshift sample extends to lower completeness
limits due to the strongly evolving normalization.
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Figure 1. Star formation rate as a function of stellar mass for star-forming galaxies. Open circles indicate the UV+IR SFRs from a stacking analysis, with a second-order
polynomial fit above the mass completeness limits (solid vertical lines). Open squares signify measurements below the mass-completeness limits. The running medians
for individually detected objects in MIPS 24 µm imaging with S/N > 3 (shown as a gray-scale density plot in the Panel (a), left) are indicated with filled circles in the
right panel and are color-coded by redshift. The number of star-forming galaxies with S/N > 3 detections in the 24 µm imaging and those with S/N < 3 are indicated
in the bottom right of each panel. The star formation sequence for star-forming galaxies is curved, with a constant slope of unity at log(M⋆/M⊙) < 10 (solid black
line in Panel (b) is linear), whereas the slope at the massive end flattens with α = 0.3–0.6 from z = 0.5 to z = 2.5. We show the SDSS curve (gray dotted line in Panel
(b)) from Brinchmann et al. (2004) as it is one of the few measurements that goes to very low mass, but it is based on another SFR indicator.
(A color version of this figure is available in the online journal.)

Wuyts et al. 2007; Williams et al. 2009; Bundy et al. 2010;
Cardamone et al. 2010; Whitaker et al. 2011; Brammer et al.
2011; Patel et al. 2012); quiescent galaxies have strong Balmer/
4000 Å breaks, characterized by red rest-frame U–V colors
and relatively blue rest-frame V–J colors. Following the two-
color separations defined in Whitaker et al. (2012a), we select
58,973 star-forming galaxies at 0.5 < z < 2.5 from the 3D-
HST v4.0 catalogs.14 Of these, 39,106 star-forming galaxies are
above the mass-completeness limits (Tal et al. 2014). Among
the UVJ-selected star-forming galaxies with masses above the
completeness limits, 22,253 have S/N > 1 MIPS 24 µm
detections (amongst which 9,015 have S/N > 3) and 35,916 are
undetected in MIPS 24 µm photometry (S/N < 1).15 The full
sample of star-forming galaxies are considered in the stacking
analysis. Although we have not removed sources with X-ray
detections in the following analysis, we estimate the contribution
of active galactic nuclei (AGNs) to the median 24 µm flux
densities in Section 4.2.

3. THE STAR FORMATION SEQUENCE

Figure 1 shows the star formation sequence, log Ψ as a
function of log M⋆, in four redshifts bins from z = 0.5 to
z = 2.5. We use a single SFR indicator, the UV+IR SFRs
described in Section 2.4, probing over two decades in stellar
mass. The gray scale represents the density of points for star-
forming galaxies selected in Section 2.5 with S/N > 3 MIPS

14 Essentially identical to the publicly released catalogs available through
http://3dhst.research.yale.edu/Data.html, with the same catalog identifications
and photometry.
15 Even though the SFR is dominated by the IR contribution, the limiting
factor here is the depth of the Spitzer/MIPS 24 µm imaging.

24 µm detections, totaling 9015 star-forming galaxies over the
full redshift range. Mass completeness limits are indicated by
vertical lines. The GOODS-N and GOODS-S fields have deeper
MIPS imaging (3σ limit of ∼10 µJy) and HST/WFC3 JF125W

and HF160W imaging (5σ ∼ 26.9 mag), whereas the other three
fields have shallower MIPS imaging (3σ limits of ∼20 µJy) and
HST/WFC3 JF125W and HF160W imaging (5σ ∼ 26.3 mag).
The mass completeness limits in Figure 1 correspond to the
90% completeness limits derived by Tal et al. (2014), calculated
by comparing object detection in the CANDELS/deep with a
re-combined subset of the exposures that reach the depth of
the CANDELS/wide fields. Although the mass completeness
in the deeper GOODS-N and GOODS-S fields will extend to
lower stellar masses, we adopt the more conservative limits for
the shallower HST/WFC3 imaging.

First, we look at the measurements for individual galaxies.
The running median of the individual UV+IR measurements
of the SFR are indicated with solid circles when the data are
complete both in stellar mass and SFR (above the shallower
data 3σ MIPS 24 µm detection limit).16 We consider all MIPS
photometry in the median for the individual UV+IR SFRs
measurements (filled circles), even those galaxies intrinsically
faint in the IR. Only 1% of the star-forming galaxies above the
20 µJy limit in each redshift bin have 24 µm photometry with
S/N < 1.

To leverage the additional decade lower in stellar mass
that the CANDELS HST/WFC3 imaging enables us to probe

16 In the case of the 1.0 < z < 1.5 and 1.5 < z < 2.5 bins, the filled circles
representing individual measurements are limited by the 3σ 24 µm
completeness limits (horizontal dotted line, ∼20 µJy), which therefore makes
it appear as though the higher redshift sample extends to lower completeness
limits due to the strongly evolving normalization.
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Figure 5. sSFRs using Eq. 4.

Figure 6. Scatter of the SFRs using Eq. 3.
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but if the M∗–Mvir relation is independent of redshift then the 
stellar mass of a central galaxy formed in a halo of mass 
Mvir(t) is M∗ = M∗(Mvir(t)). From this relation star formation 
rates are given simply by 

where f∗ = M∗/Mvir.  We call this Stellar-Halo Accretion Rate 
Coevolution (SHARC) if true halo-by-halo for star-forming 
galaxies.

2

2.2 The Galaxy Mass Function

We use the GSMF for central galaxies reported in ? and
obtained from the ? galaxy group catalog based on the SDSS
DR7. This catalog represents an updated version of ?.

2.3 Connecting Galaxies to Halos

We model the central GSMF by defining P (M∗|Mvir) as the
probability distribution function that a distinct halo of mass
Mvir hosts a central galaxy of stellar mass M∗. Then the
GSMF for central galaxies as a function of stellar mass is
given by

φ∗,cen(M∗) =

Z ∞

0

P (M∗|Mvir)φh(Mvir)dMvir. (2)

Here, P (M∗|Mvir) is a lognormal distributions with a scatter
around M∗ assumed to be constant with σc = 0.15 dex. Such
a value is supported the analysis of general large group cat-
alogs (alias?), studies on the kinematics of satellite galaxies
(More et al. 2011) as well as on clustering analysis of large
samples of galaxies ??.

Emphasis that the model reproduces the observed
GSMF at redshift z ∼ 4.

2.4 Inferring Star Formation Rates From Halo
Mass Accretion Rates

In recent analysis of the galaxy stellar mass functions, star
formation rates and cosmic star formation rates from z = 0
to z = 8 combined with the growth halos obtained from N-
body simulations, ? show that the M∗–Mvir relation evolves
slowly with redshift. Moreover, ? showed that when assum-
ing that the ratio of galaxies specific star formation rates
(sSFR) to their host halos specific mass accretion rates
(sMAR), star formation efficiency ϵ, is independent of red-
shift simply explains the cosmic star formation rate since
z = 4.

In this paper we use these results by assuming that
the M∗–Mvir is independent of redshift. We use the relation
obtained in Section 2.3 for local galaxies. Specifically, we
infer galaxy star formation rates from halo mass accretion
rates as follow. Let M∗ = M∗(Mvir(t), t) the stellar mass of
a central galaxy formed in a halo of mass Mvir(t) at time t. If
M∗–Mvir is independent of redshift then M∗ = M∗(Mvir(t)).
From this relation star formation rates are given simply by;

dM∗

dt
= f∗

d log M∗

d log Mvir

dMvir

dt
, (3)

where f∗ = M∗/Mvir. Moreover, from the above equation
we can deduce that the star formation efficiency, ϵ, is just,

sSFR
sMAR

= ϵ =
d log M∗

d log Mvir

. (4)

While in the above analysis the term dMvir/dt refers to
the instantaneous mass accretion rates we also infer SFRs
by using dMvir/dt averaged over a dynamical time scale as
measured from the simulations.

As we will show below, we confirm the previous claim
in ? that this model reproduces the observed evolution of
the SFR−M∗ and cosmic star formation rate. Moreover, we
show that this is also true when using halo mass accretion

Figure 7. Upper Panel: Cosmic mass density as a function of
z. Cosmic star-formation rate as a function of z.

rates averaged over a dynamical time instead. Additionally,
we show that a redshift-independent M∗–Mvir model ex-
plains the observed scatter of the SFR−M∗ in main sequence
galaxies.

3 RESULTS

Figures: SFR vs M∗; sSFR vs M∗; SFRD vs z and cosmic
mass density vs z.

4 DISCUSSION

Discuss about the star formation efficiency. For which galax-
ies ϵ = 1. Do we need a figure of ϵ vs Mvir?

4.1 Implications for the bathtub model

Equation 3 is essentially the bathtub model. Differences be-
tween the observed SFRs and our models will give con-
straints on the regime where the bathtub model is valid.

• For z > 5 our SFRs are above observations. This means
that at early epochs galaxies did not convert gas in stars as
fast as they receive it. This is a phase of gas accumulation
where the bathtub is being fill with gas.

c⃝ 20?? RAS, MNRAS 000, 1–??
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different, especially at lower masses where satellites tend to
have more stellar mass compared to centrals of the same halo
mass (for a more general discussion see Rodŕıguez-Puebla,
Drory & Avila-Reese 2012; Rodŕıguez-Puebla, Avila-Reese
& Drory 2013; Reddick et al. 2013; Watson & Conroy 2013;
Wetzel et al. 2013). Since we are interested in studying the
connection between halo mass accretion and star formation
in central galaxies, for our analysis we derive the SHMR for
central galaxies only.

We model the GSMF of central galaxies by defining
P (M∗|Mvir) as the probability distribution function that a
distinct halo of mass Mvir hosts a central galaxy of stellar
mass M∗. Then the GSMF for central galaxies as a function
of stellar mass is given by

φ∗,cen(M∗) =

Z

∞

0

P (M∗|Mvir)φh(Mvir)dMvir. (2)

Here, φh(Mvir) is the halo mass function and P (M∗|Mvir)
is a log-normal distribution assumed to have a scatter of
σc = 0.15 dex independent of halo mass. Such a value is
supported by the analysis of large group catalogs (Yang,
Mo & van den Bosch 2009; Reddick et al. 2013), studies of
the kinematics of satellite galaxies (More et al. 2011), as well
as clustering analysis of large samples of galaxies (Shankar
et al. 2014; Rodŕıguez-Puebla et al. 2015). Note that this
scatter, σc, consists of an intrinsic component and a mea-
surement error component. At z = 0, most of the scatter
appears to be intrinsic, but that becomes less and less true
at higher redshifts (see, e.g., Behroozi, Conroy & Wechsler
2010; Behroozi, Wechsler & Conroy 2013b; Leauthaud et al.
2012; Tinker et al. 2013). Here, we do not deconvolve to re-
move measurement error, as most of the observations that
we will compare to include these errors in their measure-
ments.

As regards the GSMF of central galaxies, we here use
the results reported in Rodŕıguez-Puebla et al. (2015). In a
recent analysis of the SDSS DR7, Rodŕıguez-Puebla et al.
(2015) derived the total, central, and satellite GSMF for stel-
lar masses from M∗ = 109M⊙ to M∗ = 1012M⊙ based on the
NYU-VAGC (Blanton et al. 2005) and using the 1/Vmax es-
timator. The membership (central/satellite) for each galaxy
was obtained from an updated version of the Yang et al.
(2007) group catalog presented in Yang et al. (2012). The
corresponding SHMR is shown as the black curve in Fig-
ure 3, and the SHMR for all galaxies from Behroozi, Wech-
sler & Conroy (2013a) is shown as the red curve. The dif-
ference between the two curves for halo masses lower than
Mvir ∼ 1012M⊙ reflects the fact that the SHMR of cen-
trals and satellite galaxies are slightly different as mentioned
above. At halo masses higher than Mvir ∼ 1012M⊙ , this
difference is primarily due to the differences between the
GSMFs used to derive these SHMRs, Behroozi et al. 2013
used (Moustakas et al. 2013). When comparing both GSMFs
we find that the high mass-end from Rodŕıguez-Puebla et al.
(2015) is significantly different to the one derive in (Mous-
takas et al. 2013). In contrast, when comparing Rodŕıguez-
Puebla et al. (2015) GSMF with Bernardi et al. (2010) we
find an excellent agreement, for a more general discussion
see Rodŕıguez-Puebla et al. (2015). In less degree, we also
find that the different values employed for the scatter of the
SHMR explain these differences.

2.3 Inferring Star Formation Rates From Halo
Mass Accretion Rates

A number of recent studies exploring the SHMR at differ-
ent redshifts have found that it evolves only slowly with
time (see, e.g., Leauthaud et al. 2012; Hudson et al. 2013;
Behroozi, Wechsler & Conroy 2013b, and references therein).
For example, based on the observed evolution of the GSMF,
the star formation rate SFR, and the cosmic star formation
rate, Behroozi, Wechsler & Conroy (2013b) showed that this
is the case at least up to z = 4 (cf. possible increased evolu-
tion at z > 4; Behroozi & Silk 2015; Finkelstein et al. 2015).
Moreover, Behroozi, Wechsler & Conroy (2013a) showed
that assuming a time-independent ratio of galaxy specific
star formation rate (sSFR) to host halo specific mass accre-
tion rate (sMAR), defined as the star formation efficiency ϵ,
simply explains the cosmic star formation rate since z = 4.
If we assume a time-independent SHMR, the star formation
efficiency is the slope of the SHMR,

ϵ =
Ṁ∗/M∗

Ṁvir/Mvir

=
∂ log M∗

∂ log Mvir
. (3)

This equation simply relates galaxy SFRs to their host
halo MARs without requiring knowledge of the underlying
physics. (This is the main difference between the equilibrium
solution we present below and previous “bathtub” models.)
Our primary motivation here is to understand whether halo
MARs are responsible for the mass and redshift dependence
of the SFR main sequence and its scatter. Similar models
have been explored in the past for different purposes, includ-
ing generating mock catalogs (Taghizadeh-Popp et al. 2015)
and understanding the different clustering of quenched and
star-forming galaxies (Becker 2015).

Using halo MARs, we operationally infer galaxy SFRs
as follows. Let M∗ = M∗(Mvir(t), t) be the stellar mass of a
central galaxy formed in a halo of mass Mvir(t) at time t.
In a time-independent SHMR, the above reduces to M∗ =
M∗(Mvir(t)). From this relation the change of stellar mass
in time is simply

dM∗

dt
= f∗

∂ log M∗

∂ log Mvir

dMvir

dt
, (4)

where f∗ = M∗/Mvir is the stellar-to-halo mass ratio.
Equation (4) implies stellar-halo accretion rate coevolution,
SHARC. The left panel of Figure 4 shows the resulting
stellar-to-halo mass ratio, f∗, derived for SDSS central galax-
ies (see Section 2.2). Consistent with previous studies, we
find that f∗ has a maximum of ∼ 0.03 at Mvir ∼ 1012M⊙,
and it decreases at both higher and lower halo masses. The
product f∗ × ϵ = dM∗/dMvir will be shown as the black
curves in Figure 5 below.

In the more general case M∗ = M∗(Mvir(t), z), equation
(4) generalizes to

dM∗

dt
=

∂M∗(Mvir(t), z)
∂Mvir

dMvir

dt
+

∂M∗(Mvir(t), z)
∂z

dz
dt

, (5)

where the first term is the contribution to the SFR from
halo MAR and the second term is the change in the SHMR
with redshift. Although in this paper we assume a constant
SHMR, the formalism that we describe below applies to this
more general case.

The relation between stellar mass growth and observed
star formation rate is given by
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Table 1. List of acronyms used in this paper.

ART Adaptive refinement tree (simulation code).
CSFR Cosmic star formation rate.
IMF Initial mass function.
ISM Interstellar medium.
GSMF Galaxy stellar mass function.
MAR Mass accretion rate, Ṁvir.
SHARC Stellar halo accretion rate coevolution.
E+SHARC Equilibrium+SHARC.
SDSS Sloan digital sky survey.
SFR Star formation rate.
SHMR Stellar-to-halo mass relation.
sMAR Specific mass accretion rate, Ṁvir/Mvir.
sSFR specific star formation rate, SFR/M∗.

the spherical overdensity criterion of Bryan & Norman (1998). We
also assume a Chabrier (2003) IMF. Finally, Table 1 lists all the
acronyms used in this paper.

2 ST E L L A R H A L O AC C R E T I O N R AT E
C O E VO L U T I O N ( S H A R C )

2.1 The simulation

We generate our mock galaxy catalogues based on the N-body
Bolshoi–Planck simulation (Klypin et al. 2014). The Bolshoi–
Planck simulation is based on the !CDM cosmology with param-
eters consistent with the latest results from the Planck Collabora-
tion (Planck Collaboration XIII 2015) and run using the ART code
(Kravtsov, Klypin & Khokhlov 1997; Gottloeber & Klypin 2008).
The Bolshoi–Planck simulation has a volume of (250 h−1Mpc)3 and
contains 20483 particles of mass 1.9 × 108 M⊙. Haloes/subhaloes
and their merger trees were calculated with the phase-space tempo-

ral halo finder ROCKSTAR (Behroozi, Wechsler & Wu 2013b; Behroozi
et al. 2013c). Halo masses were defined using spherical overden-
sities according to the redshift-dependent virial overdensity "vir(z)
given by the spherical collapse model (Bryan & Norman 1998),
with "vir = 178 for large z and "vir = 333 at z = 0 with our
#M. Like the Bolshoi simulation (Klypin et al. 2011), Bolshoi–
Planck is complete down to haloes of maximum circular velocity
vmax ∼ 55 km s−1.

In this paper, we calculate instantaneous halo MARs from the
Bolshoi–Planck simulation, as well as halo MARs averaged over
the dynamical time (Ṁvir,dyn), defined as
〈 dMvir

dt

〉

dyn
= Mvir(t) − Mvir(t − tdyn)

tdyn
. (1)

The dynamical time of the halo is tdyn(z) = [G"vir(z)ρm]−1/2, which
is ∼20 per cent of the Hubble time. Simulations (e.g. Dekel et al.
2009) suggest that most star formation results from cold gas flowing
inward at about the virial velocity – i.e. roughly a dynamical time
after the gas enters. As instantaneous accretion rates for distinct
haloes near clusters can also be negative (Behroozi et al. 2014),
using time-averaged accretion rates allows galaxies in these haloes
to continue forming stars.

Fig. 1 shows the instantaneous and the dynamical-time-averaged
halo MARs as a function of halo mass and redshift, and Fig. 2 shows
their respective scatters. Even before converting halo accretion rates
into SFRs (Section 2.3), it is evident that both the slope and disper-
sion in halo MARs are already very similar to that of galaxy SFRs
on the main sequence.

2.2 Connecting galaxies to haloes

The abundance matching technique is a simple and powerful statis-
tical approach to connecting galaxies to haloes. In its most simple

Figure 1. Halo MARs from z = 0 to 3, from the Bolshoi–Planck simulation. The instantaneous rate is shown in black, and the dynamically time averaged rate
in red. The grey band is the 1σ (68 per cent) range of the instantaneous MARs. All the slopes are approximately the same ∼1.1 both for Ṁvir and Ṁvir,dyn.
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Figure 2. Scatter of halo MARs from z = 0 to 3 from the Bolshoi–Planck
simulation. As in Fig. 1, scatter for the instantaneous rate is shown in black,
and that for the dynamically time averaged rate in red.

form, the cumulative halo and subhalo mass function1 and the cu-
mulative GSMF are matched in order to determine the mass relation
between haloes and galaxies. In order to assign galaxies to haloes
in the Bolshoi–Planck simulation, in this paper we use a more gen-
eral procedure for abundance matching. Recent studies have shown
that the mean SHMRs of central and satellite galaxies are slightly
different, especially at lower masses where satellites tend to have
more stellar mass compared to centrals of the same halo mass (for
a more general discussion see Rodrı́guez-Puebla et al. 2012, 2013;
Reddick et al. 2013; Watson & Conroy 2013; Wetzel et al. 2013).
Since we are interested in studying the connection between halo
mass accretion and star formation in central galaxies, for our anal-
ysis we derive the SHMR for central galaxies only.

We model the GSMF of central galaxies by defining P (M∗|Mvir)
as the probability distribution function that a distinct halo of mass
Mvir hosts a central galaxy of stellar mass M∗. Then the GSMF for
central galaxies as a function of stellar mass is given by

φ∗,cen(M∗) =
∫ ∞

0
P (M∗|Mvir)φh(Mvir) dMvir. (2)

Here, φh(Mvir) is the halo mass function and P (M∗|Mvir) is a log-
normal distribution assumed to have a scatter of σ c = 0.15 dex
independent of halo mass. Such a value is supported by the anal-
ysis of large group catalogues (Yang, Mo & van den Bosch 2009;
Reddick et al. 2013), studies of the kinematics of satellite galaxies
(More et al. 2011), as well as clustering analysis of large samples
of galaxies (Shankar et al. 2014; Rodrı́guez-Puebla et al. 2015).
Note that this scatter, σ c, consists of an intrinsic component and a
measurement error component. At z = 0, most of the scatter ap-
pears to be intrinsic, but that becomes less and less true at higher
redshifts (see e.g. Behroozi, Conroy & Wechsler 2010; Leauthaud
et al. 2012; Behroozi et al. 2013d; Tinker et al. 2013). Here, we
do not deconvolve to remove measurement error, as most of the
observations that we will compare to include these errors in their
measurements.

As regards the GSMF of central galaxies, we here use the results
reported in Rodrı́guez-Puebla et al. (2015). In a recent analysis of
the SDSS DR7, Rodrı́guez-Puebla et al. (2015) derived the total,
central, and satellite GSMF for stellar masses from M∗ = 109 M⊙

1 Typically defined at the time of subhalo accretion.

Figure 3. Upper panel: SHMR for SDSS galaxies. The red curve is for all
SDSS galaxies, from Behroozi et al. (2013d) abundance matching using the
Bolshoi simulation. The black curve is for SDSS central galaxies, using the
abundance matching method of Rodrı́guez-Puebla, Avila-Reese & Drory
(2013) applied to the Bolshoi–Planck simulation. The latter is what we
use in this paper, where we restrict attention to central galaxies. Bottom
Panel: halo-to-stellar mass relations. The dotted vertical line and the blue
arrow indicate that galaxies below M∗ = 1010.5 M⊙ are considered as main
sequence galaxies, while some higher mass galaxies are not on the main
sequence.

to 1012 M⊙ based on the NYU-VAGC (Blanton et al. 2005) and
using the 1/Vmax estimator. The membership (central/satellite) for
each galaxy was obtained from an updated version of the Yang
et al. (2007) group catalogue presented in Yang et al. (2012). The
corresponding SHMR is shown as the black curve in Fig. 3, and
the SHMR for all galaxies from Behroozi et al. (2013a) is shown
as the red curve. The difference between the two curves for halo
masses lower than Mvir ∼ 1012 M⊙ reflects the fact that the SHMR
of centrals and satellite galaxies are slightly different as mentioned
above. At halo masses higher than Mvir ∼ 1012 M⊙, this difference
is primarily due to the differences between the GSMFs used to derive
these SHMRs, Behroozi et al. (2013c) used Moustakas et al. (2013).
When comparing both GSMFs, we find that the high-mass end from
Rodrı́guez-Puebla et al. (2015) is significantly different to the one
derive in Moustakas et al. (2013). In contrast, when comparing
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Figure 8. Specific star formation rates as a function of redshift z for stellar masses M∗ = 109, 109.5, 1010 and 1010.5M⊙ from time-
independent SHMR model. The red and black curves are the sSFRs, from both dynamically-time-averaged and instantaneous mass
accretion rates, respectively, with the gray band representing the dispersion in the latter. Both are corrected for mergers. The orange
curve is the Speagle et al. (2014) summary of observed sSFRs on the main sequence. Observations from Whitaker et al. (2014), Ilbert
et al. (2015) and Schreiber et al. (2015) are also included.

esting to discuss these differences in the light of the constant
SHMR model.

First, the observed sSFRs of galaxies at z > 4 are sys-
tematically lower than the time independent SHMR model
predictions. These differences increase at z = 6. The dis-
agreement between the constant SHMR predicted SFRs and
the observations implies that the changing SHMR must be
used, as in equation (5), at least at high redshift.

Between z = 4 and z = 3 the observed star-forming
sequence is consistent with the SHARC predictions. Between
z = 2 and z = 0.5, the observed sSFRs are slightly above
the SHARC predictions. This departure occurs at the time
of the peak value of the cosmic star formation rate.

After the compilation carried out by Speagle et al.
(2014), new determinations of the sSFR have been pub-
lished, particularly for redshifts z < 2.5. In Figures 7 and 8,
we reproduce new data published in Whitaker et al. (2014);
Ilbert et al. (2015) and Schreiber et al. (2015). This new
set of data agrees better with our model between z = 2
and z = 0.5, implying that the time-independent SHMR
(SHARC assumption) may be nearly valid across the wide
redshift range from z ∼ 4 to z ∼ 0, a remarkable result.
However, it is not clear whether this is valid since the newer
observations have not been recalibrated as in Speagle et al.
(2014).

Figure 9. Scatter of the sSFR for main-sequence galaxies pre-
dicted in our model.

4.2 Scatter of the sSFR Main Sequence

We now turn our discussion to the scatter of the star-forming
main sequence, displayed in Figure 9. When using Ṁvir, the
scatter is nearly independent of redshift and it increases
very slowly with mass for z < 2. The value of the scat-
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Figure 6. Left Panel: Net mass loading factor, η = ηw,ISM − ηr,ISM as a function of halo mass at z = 0, 1, 4, and 6, obtained assuming
preventive feedback described by Eeff = Eh × Eq. The calculated dispersion is shown at z = 0 and 6. Right Panel: Net mass loading
factor and its dispersion as a function of galaxy stellar mass.

than f∗ × ϵ in Mvir ∼ 1012M⊙ halos. Then the mass loading
factor should increase at high redshift.

Halo mass quenching is more relevant for high mass
halos. This imposes the constraint that any functional form
proposed for Eq should reproduce the fall off at higher masses
of the term f∗ϵ. Given the uncertain redshift dependence of
Eq, we will assume for simplicity that it is independent of
redshift. The functional form Eq that describes the fall-off
of f∗ϵ at z = 0 is given by

Eq(Mvir) = min

(

1, 0.85

„

Mvir

1012M⊙

«−0.5
)

. (16)

Note that at z = 0 for halos more massive than ∼ 1012M⊙,
Eeff ∼ ϵ × f∗/fb. Such a fall-off is thus necessary in or-
der to make SHMR+equilibrium assumptions work, in other
words, equation (12). The green long dashed-dotted lines in
Figure 5 show Eq. At higher redshifts Eeff > ϵ×f∗/fb imply-
ing that the mass-loading factor becomes more important at
high redshifts in high mass galaxies.

Next, in equation (13) we use the functional forms de-
scribed in equations (15) and (16) to deduce a relation for
the net mass loading factor:

η =

»

fb

f∗(Mvir)
Eeff(Mvir, z)

ϵ(Mvir)
− 1

–

(1 − R). (17)

The left hand panel of Figure 6 shows the net mass loading
factor, η = ηw,ISM−ηr,ISM, as a function of halo mass at z =
0, 1, 4 and 6. Note that the generic redshift evolution of η is
governed by the evolution of Eeff . For halos less massive than
∼ 1011.5M⊙, Figure 6 shows that the mass loading factor
approximately scales as a power law with a power that is
roughly independent of redshift, η ∝ M−2.13

vir . Equivalently,
we find that for galaxies with stellar mass below ∼ 109.7M⊙

the mass loading factor scales as η ∝ M−1.07
∗ . Mass loading

factors are predicted to be very small for halos more massive
than ∼ 1012M⊙, especially at low redshifts.

In this Section we presented a simple framework that
clarifies how the net mass loading factor is connected to
preventive feedback in the context of the equilibrium time-
independent SHMR model. As long as the SFR is driven
by MAR these assumptions can be generalized in the same
framework, as we mention briefly in the discussion section.

4 SPECIFIC STAR FORMATION RATES
FROM SHARC

4.1 SHARC Compared with Observations

We have now collected together all the tools needed to fol-
low several aspects of galaxy evolution while galaxy stel-
lar masses are in the range M∗ = 109M⊙ to 1010.5M⊙.
We start by showing the evolution in the slope and zero-
point of the star-forming main sequence inferred by the
time-independent SHMR (SHARC model) in Figure 7. Re-
call that when assuming a time-independent SHMR, stellar
mass growth can be inferred directly from halo mass accre-
tion rates via Ṁ∗ = f∗ × ϵ × Ṁvir, with the corresponding
SFR = Ṁ∗/(1 − R). Black solid lines show results using
instantaneous mass accretion rates, Ṁvir, in equation (4).
Red solid lines show the SFRs when using mass accretion
rates smoothed over a dynamical time scale, Ṁvir,dyn, in-
stead. The gray band indicates the intrinsic scatter around
the star-forming main sequence when using Ṁvir. Note that
our model sSFRs were corrected in order to take into ac-
count the contribution of mergers to stellar mass growth,
as explained in §2.5. We show the resulting sSFRs without
this merger correction with the black and red dashed lines
when using Ṁvir and Ṁvir,dyn respectively. Note that the
contribution from mergers becomes more important for red-
shifts z < 0.5. Hereafter, we will focus our discussion on
the merger-corrected results, also shown as the solid lines in
Figure 8.
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Figure 6. Left Panel: Net mass loading factor, η = ηw,ISM − ηr,ISM as a function of halo mass at z = 0, 1, 4, and 6, obtained assuming
preventive feedback described by Eeff = Eh × Eq. The calculated dispersion is shown at z = 0 and 6. Right Panel: Net mass loading
factor and its dispersion as a function of galaxy stellar mass.

than f∗ × ϵ in Mvir ∼ 1012M⊙ halos. Then the mass loading
factor should increase at high redshift.

Halo mass quenching is more relevant for high mass
halos. This imposes the constraint that any functional form
proposed for Eq should reproduce the fall off at higher masses
of the term f∗ϵ. Given the uncertain redshift dependence of
Eq, we will assume for simplicity that it is independent of
redshift. The functional form Eq that describes the fall-off
of f∗ϵ at z = 0 is given by

Eq(Mvir) = min

(

1, 0.85

„

Mvir

1012M⊙

«−0.5
)

. (16)

Note that at z = 0 for halos more massive than ∼ 1012M⊙,
Eeff ∼ ϵ × f∗/fb. Such a fall-off is thus necessary in or-
der to make SHMR+equilibrium assumptions work, in other
words, equation (12). The green long dashed-dotted lines in
Figure 5 show Eq. At higher redshifts Eeff > ϵ×f∗/fb imply-
ing that the mass-loading factor becomes more important at
high redshifts in high mass galaxies.

Next, in equation (13) we use the functional forms de-
scribed in equations (15) and (16) to deduce a relation for
the net mass loading factor:

η =

»

fb

f∗(Mvir)
Eeff(Mvir, z)

ϵ(Mvir)
− 1

–

(1 − R). (17)

The left hand panel of Figure 6 shows the net mass loading
factor, η = ηw,ISM−ηr,ISM, as a function of halo mass at z =
0, 1, 4 and 6. Note that the generic redshift evolution of η is
governed by the evolution of Eeff . For halos less massive than
∼ 1011.5M⊙, Figure 6 shows that the mass loading factor
approximately scales as a power law with a power that is
roughly independent of redshift, η ∝ M−2.13

vir . Equivalently,
we find that for galaxies with stellar mass below ∼ 109.7M⊙

the mass loading factor scales as η ∝ M−1.07
∗ . Mass loading

factors are predicted to be very small for halos more massive
than ∼ 1012M⊙, especially at low redshifts.

In this Section we presented a simple framework that
clarifies how the net mass loading factor is connected to
preventive feedback in the context of the equilibrium time-
independent SHMR model. As long as the SFR is driven
by MAR these assumptions can be generalized in the same
framework, as we mention briefly in the discussion section.

4 SPECIFIC STAR FORMATION RATES
FROM SHARC

4.1 SHARC Compared with Observations

We have now collected together all the tools needed to fol-
low several aspects of galaxy evolution while galaxy stel-
lar masses are in the range M∗ = 109M⊙ to 1010.5M⊙.
We start by showing the evolution in the slope and zero-
point of the star-forming main sequence inferred by the
time-independent SHMR (SHARC model) in Figure 7. Re-
call that when assuming a time-independent SHMR, stellar
mass growth can be inferred directly from halo mass accre-
tion rates via Ṁ∗ = f∗ × ϵ × Ṁvir, with the corresponding
SFR = Ṁ∗/(1 − R). Black solid lines show results using
instantaneous mass accretion rates, Ṁvir, in equation (4).
Red solid lines show the SFRs when using mass accretion
rates smoothed over a dynamical time scale, Ṁvir,dyn, in-
stead. The gray band indicates the intrinsic scatter around
the star-forming main sequence when using Ṁvir. Note that
our model sSFRs were corrected in order to take into ac-
count the contribution of mergers to stellar mass growth,
as explained in §2.5. We show the resulting sSFRs without
this merger correction with the black and red dashed lines
when using Ṁvir and Ṁvir,dyn respectively. Note that the
contribution from mergers becomes more important for red-
shifts z < 0.5. Hereafter, we will focus our discussion on
the merger-corrected results, also shown as the solid lines in
Figure 8.

c⃝ 0000 RAS, MNRAS 000, 000–000

Net mass loading factor η from an 
equilibrium bathtub model (E+SHARC)

SHARC predicts “Age Matching” 
(blue galaxies in accreting halos)
and “Galaxy Conformity” at low z ✓
Open Questions:
Extend SHARC to higher-mass galaxies
Also take quenching into account
Does SHARC correctly predict the 
growth rate of central galaxy stellar 
mass from the accretion rate of their 
halos?  Test this in simulations!

We put SHARC in 
“bathtub” equilibrium 
models of galaxy 
formation & predict 
mass loading and 
metallicity evolution

SHARC correctly predicts star formation rates to z ~ 4



Does SHARC correctly predict the growth rate of central galaxy stellar 
mass from the accretion rate of their halos?  Test this in simulations!

Many pretty successful SHARC predictions for our gen3 simulations:

Examples of SHARC 
prediction failures:

Daniel Ceverino, Nir Mandelker

Smooth vs. Lumpy
mass accretion?



• 3 Aspects of Star-Forming Galaxies Seen in CANDELS 
– Compaction 
– Elongation 
– Clumps } Challenge for Observers  

& Simulators!



Astronaut Andrew Feustel installing 
Wide Field Camera Three 

on Hubble Space Telescope
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Cosmic 
Spheres  
of Time

When we look 
out in space 
we look back 
in time…

Earth Forms

Big Galaxies Form
Bright Galaxies Form

Cosmic Dark Ages

Cosmic Background Radiation
Cosmic Horizon (The Big Bang)

Today
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At the present day, only a few galaxies lie between the 
peaks of the blue and red galaxies, in the so-called “green 
valley” (so named because green wavelengths are midway 
between red and blue in the spectrum). A blue galaxy that 
is vigorously forming stars will become green within a 
few hundred million years if star formation is suddenly 
quenched. On the other hand, a galaxy that has lots of old 
stars and a few young ones can also be green just through 
the combination of the blue colors of its young stars and 
the red colors of the old ones. The Milky Way probably 
falls in this latter category, but the many elliptical galaxies 
around us today probably made the transition from blue 
to red via a rapid quenching of star formation. CANDELS 
lets us look back at this history. 

Most galaxies of interest to astronomers working on 
CANDELS have a look-back time of at least 10 billion 
years, when the universe was only a few billion years old. 
Because the most distant galaxies were relatively young at 
the time we observe them, we thought few of them would 
have shut off star formation. So we expected that red gal-
axies would be rare in the early universe. But an impor-
tant surprise from CANDELS is that red galaxies with the 
same elliptical shapes as nearby red galaxies were already 
common only 3 billion years after the Big Bang — right 
in the middle of cosmic high noon. 

Puzzlingly, however, elliptical galaxies from only 
about 3 billion years after the Big Bang are only one-
third the size of typical elliptical galaxies with the same 
stellar mass today. Clearly, elliptical galaxies in the early 
universe must have subsequently grown in a way that 
increased their sizes without greatly increasing the num-
ber of stars or redistributing the stars in a way that would 
change their shapes. Many astronomers suspect that the 

present-day red ellipticals with old stars grew in size by 
“dry” mergers — mergers between galaxies having older 
red stars but precious little star-forming cold gas. But 
the jury is still out on whether this mechanism works in 
detail to explain the observations. 

The Case of the Chaotic Blue Galaxies
Ever since Hubble’s first spectacular images of distant 
galaxies, an enduring puzzle has been why early star-
forming galaxies look much more irregular and jumbled 
than nearby blue galaxies. Nearby blue galaxies are 
relatively smooth. The most beautiful ones are elegant 
“grand-design” spirals with lanes of stars and gas, such as 
M51. Smaller, irregular dwarf galaxies are also often blue.

But at cosmic high noon, when stars were blazing 
into existence at peak rates, many galaxies look distorted 
or misshapen, as if galaxies of similar size are colliding. 
Even the calmer-looking galaxies are often clumpy and 
irregular. Instead of having smooth disks or spiral arms, 
early galaxies are dotted with bright blue clumps of very 
active star formation. Some of these clumps are over 100 
times more luminous than the Tarantula Nebula in the 
Large Magellanic Cloud, one of the biggest star-forming 
regions in the nearby universe. How did the chaotic, dis-
ordered galaxies from earlier epochs evolve to become the 
familiar present-day spiral and elliptical galaxies? 

Because early galaxies appear highly distorted, astro-
physicists had hypothesized that major mergers — that is, 
collisions of galaxies of roughly equal mass — played an 
important role in the evolution of many galaxies. Merg-
ers can redistribute the stars, turning two disk galaxies 
into a single elliptical galaxy. A merger can also drive gas 
toward a galaxy’s center, where it can funnel into a black 
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STARBIRTH RATE  Using data from many surveys, including CANDELS, 
astronomers have plotted the rate of star formation through cosmic history. 
The rate climbed rapidly at cosmic dawn and peaked at cosmic high noon.

COSMIC WEB  This frame from the Bolshoi supercom-
puter simulation depicts the distribution of matter at 
redshift 3. Clusters of galaxies lie along the bright filaments. 
Dark matter and cold gas flow along the filaments to supply 
galaxies with the material they need to form stars.
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Figure 6: Relative sizes of the regions on the sky observed in several important surveys of the distant Uni-
verse. The two Great Observatories Origins Deep Survey (GOODS) fields, the Subaru Deep Field (SDF)
and the Extended Chandra Deep Field South (ECDFS), are shown on the left. Very-deep surveys such as
the Hubble Deep Field North (HDF-N) and the Hubble Ultradeep Field (HUDF) [Advanced Camera for
Surveys (ACS) area shown], which are embedded within the GOODS fields, can detect fainter galaxies,
but cover only very tiny regions on the sky. Other surveys such as the Cosmic Evolution Survey (COS-
MOS), the UK Infrared Deep Sky Survey (UKIDSS), the Ultradeep Survey (UDS), the All-Wavelength
Extended Groth Strip International Survey (AEGIS) and the National Optical Astronomy Observatory
(NOAO) Deep Wide Field Survey cover wider regions of the sky, usually to shallower depths, i.e., with
less sensitivity to very faint galaxies. However, they encompass larger and perhaps more statistically rep-
resentative volumes of the Universe. The yellow boxes indicate the five fields from the Cosmic Assembly
Near-Infrared Deep Extragalactic Legacy Survey (CANDELS), each of which is embedded within another
famous survey area. The image in the background shows a cosmological N-body simulation performed
within the MultiDark project (see http://www.multidark.org/MultiDark/), viewed at z = 2, more than
10 Gyr ago. The colors represent the matter density distribution in a slice 43-Mpc thick, or ∆(z) = 0.03
at that redshift, and all lengths are given in comoving units for h = 0.7. Small surveys may sample under-
or over-dense regions, whereas larger surveys can average over density variations, but may not be sensitive
to the ordinary, relatively faint galaxies that are most numerous in the Universe. Averaging over redshift
intervals that are greater than that shown in the background figure will smooth over density variations,
but for any redshift binsize cosmic variance will be smaller for wider surveys or when a survey is divided
into fields sampling multiple, independent sightlines.

several different rest-frame wavelengths, including the rest-frame UV. The Canada-France

Redshift Survey (CFRS) was carried out using the 4-m Canada-France-Hawaii Telescope

and mainly surveyed the Universe out to z < 1. The available BV IK-band photometry
permitted direct measurement of 2,800-Å rest-frame luminosities at z > 0.5, and down to

z ≈ 0.3 with modest spectral extrapolation. Lilly et al. found that the 2,800-Å luminosity
density declined by approximately one order of magnitude from z = 1 to the present, which

they interpreted as a steep decline in the SFRD.

Madau et al. (1996) used the then-new HDF observations to extend this analysis to much

26 P. Madau & M. Dickinson

Madau & Dickinson - ARAA 2014         Yellow Boxes: CANDELS



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 and dark matter halo 
properties, basis for semi-analytic models 

Hydrodynamic galaxy formation simulations: 
evolution of galaxies, formation of galactic 
spheroids, mock galaxy images and spectra 
including stellar evolution and dust effects



Galaxy Hydro Simulations: 2 Approaches
1. Low resolution (~ kpc)

Advantages: it’s possible to simulate many galaxies and study 
galaxy populations and their interactions with CGM & IGM. 
Disadvantages: since feedback &winds are “tuned,” we learn 
little about how galaxies themselves evolve, and cannot 
compare in detail with high-z galaxy images and spectra. 
Examples: Overwhelmingly Large Simulations (OWLs, EAGLE), 
AREPO simulations in 100 Mpc box (Illustris).

Advantages: it’s possible to compare in detail with high-z 
galaxy images and spectra, to discover how galaxies evolve, 
morphological drivers (e.g., galaxy shapes, clumps and other 
instabilities, origins of galactic spheroids, quenching).  
Radiative pressure & AGN feedbacks essential? 
Disadvantages: statistical galaxy samples take too much 
computer time; can we model galaxy population evolution 
using simulation insights in semi-analytic models (SAMs)?  
Examples: ART/VELA and FIRE simulation suites, AGORA 
simulation comparison project.

2. High resolution (~10s of pc)    THIS TALK



VELAs 

•  ~35 zoom-in 
simulations 

•  15-30 pc reso 
•  MDM=8 104 Ms 
•  M*=103 Ms 
•  z=1-3 

1011 Ms/h < MH < 1012 Ms/h 
Vc_max =100-200 km/s @ z=1

.  all halos in 4 cosmological DM simulations

hydroART galaxy simulations
MWs
SFGs
VLs

VELAs
VELA-RPs

} generation 1
35-70 pc res

gens 2-5, 17-35 pc res

■
■
■

■ ■
■ ■

Daniel Ceverino

4 Generations of hydroART simulations

Mvir and Vmax at z=1

Generations 2,3,4

5 Generations of hydroART simulations

dd

Mvir = 1011 - 2x1012 h-1M⦿

Mvir = 1012 

       - 3x1013 h-1M⦿

VELAs: 35 simulations

ART code: Andrey Kravtsov, Anatoly Klypin, Daniel Ceverino

Gen 1: higher masses
Gen 2,3,4,5: VELA
same 35 initial conditions
  17-35 pc best resolution
 

   MDM = 8x104 M⦿      

     Mstar = 103 M⦿

Gen 2: SN Thermal Feedback
Gen 3: SN+UV Rad Pressure
Gen 4: SN+UV/IR Rad Pressure
Gen 5: Gen4 + SN Pressure
Future: also include AGN

Most stopped at z ~ 1 to save cpu time.
100

1011

1012

1013

Vc max (km/s)
300200 400

M
vi

r (
h-

1 
M

⦿
)

Simulations: Ceverino; Analysis: Ceverino, Hebrew U & UCSC

A feedback laboratory!
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Gen 2
Gen 3
Gen 5

Gen 2: SN Thermal Feedback
Gen 3: SN+UV Rad Pressure
Gen 4: SN+UV/IR Rad Pressure
Gen 5: Gen4 + SN Pressure

Big difference between Gen 2 & 3
Not much between Gen 3 and 5



Gen 2: SN Thermal Feedback
Gen 3: SN+UV Rad Pressure
Gen 4: SN+UV/IR Rad Pressure
Gen 5: Gen4 + SN Pressure

Not much difference in M*/Mhalo 
between Gen 3, 4, and 5
But gas density & temperature
and stellar mass distributions are
subtly different (next slide)

analysis by Santi Roca-Fabrega
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• 3 Aspects of Star-Forming Galaxies Seen in CANDELS 
– Compaction 
– Elongation 
– Clumps } Challenge for Observers  

& Simulators!

The hydroART cosmological zoom-in simulations produce 
all of these phenomena! 



Inferred Evolution 

Quenched  
Nuggets

diffuse SFG 
pre-compaction SF Nuggets

compactness

The Fast Track of Galaxy Evolution



Ceverino+ RP simulations 
analyzed by Zolotov, Dekel, 

Tweed, Mandelker, Ceverino, 
& Primack MNRAS 2015

Barro+ (CANDELS) 2013

FAST-TRACK

SLOW-TRACK

•
•

major merger
minor merger

COMPACTION —>

Zolotov+2015

Compaction and quenching 2333
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Figure 2. Evolution of four galaxies of relatively high stellar masses that compactify at relatively high redshift to a high central surface density and quench
efficiently. Two left-hand panels: evolution tracks in sSFR and compactness as measured by !e (left) and !1 (second from left). The redshifts from z � 5 to
z � 1 are marked along the tracks by red symbols. Major mergers are marked by open blue upside-down triangles, and minor mergers by open purple squares.
Two right-hand panels: evolution of mass and its rate of change inside a central sphere of radius 1 kpc (second from right) and 10 kpc (right). Shown at the top
(scale along the left-hand axis) are the masses in gas (blue), stars (red), and dark matter (black). Also shown is the mass in ex-situ stars, as a merger indicator
(green). Shown at the bottom (scale along the right-hand axis) are the rates of change of gas mass due to SFR (purple), gas inflow (cyan), and gas outflow
(magenta). Each of these galaxies shows at least one well-defined compaction phase that is immediately followed by gas depletion and quenching. The onset
of gas compaction in the central 1 kpc and the point of maximum central gas compaction are marked by vertical lines.

MNRAS 450, 2327–2353 (2015)
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Figure 3. Same as Fig. 2, but for four galaxies of lower masses. The dashed vertical lines mark the onset and peak of earlier compaction events. These galaxies
compactify to lower central densities and make more than one quenching attempt.

mass, stellar mass, and dark matter mass. Note that the stellar mass
within the inner 1 kpc is a proxy for the surface density in the central
1-kpc region of the galaxy, !1. The mass rates of change shown are
the SFR, the gas inflow rate, and the gas outflow rate. These rates

are measured in spherical shells of radii r � 1 and 10 kpc and of
width "r � � 0.1r via

Ṁ � 1
"r

∑

i

mivr�i � (2)

MNRAS 450, 2327–2353 (2015)
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VELA27-RP



Compaction and Quenching in the Inner 1 kpc 

whole galaxy

Avishai Dekel                                      gen3  Zolotov+2015
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VELA07-RP  Animations  z = 4.4 to 2.3
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Phase of Compaction

‣ stellar mass profiles: 
   - growth self-similar 
   - convergence in the center

‣ gas mass and SFR profiles: 
   - cusp in the compaction phase
   - ring thereafter

‣ sSFR profiles: 
   - inside-out quenching 

pre-compaction

Tacchella+2016  Evolution of Density Profiles in High-z Galaxies:
Compaction and Quenching Inside-Out
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Comparison: 
Simulations — Observations

qualitative similar quenching  
progression in empirical model  
and simulations

Stellar profiles agree over 4 orders 
of magnitude in surface density  ➜

Simulations
high mass
intermediate
low mass

Tacchella+2016  Evolution of Density Profiles in High-z Galaxies:
Compaction and Quenching Inside-Out
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Tacchella+2016  Evolution of Density Profiles in High-z Galaxies:
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Size vs. Stellar Mass Sersic Index vs. 
Stellar Mass

Tacchella+2016  Evolution of Density Profiles in High-z Galaxies:
Compaction and Quenching Inside-Out



Star-Forming Main Sequence in the Simulations

‣ distance from the MS:

‣ scatter in the simulations:
�MS = log10

✓
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sSFRMS
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�MS = 0.24 dex (z = 5) ! 0.31 dex (z = 3)

sSFRMS(M?, z) = s ·
✓

M?

1010 M�

◆�

· (1 + z)µ Gyr�1

Tacchella+2016 The Confinement of Star-Forming Galaxies into a Main
Sequence through Gas Compaction, Depletion and Quenching
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Quenching Attempt:
SF mostly in the outskirts!

Variety of triggers
(mostly external) High Gas Density → Dense Bulge Formation

Evolution of Galaxies about the Star-Forming Main Sequence

‣ oscillation timescale ~0.4 tH

Quenching:
Inflow rate does 
not ‘catch up’ in 
hot haloes  
→ gas depletion

+ Rejuvenation?
+ Maintenance?

compactio
n

Dekel & Burkert 2014
Zolotov+ 2015

Tacchella+2016 The Confinement of Star-Forming Galaxies into a Main
Sequence through Gas Compaction, Depletion and Quenching



Gradient across the Main Sequence

‣ central gas mass density: 
  

‣ total gas mass: 

‣ gas to stellar mass ratio: 

‣ depletion time: 

log10 ⇢gas,1kpc / 0.8⇥�MS

log10 Mgas / 0.5⇥�MS

log10 tdep / 0.5⇥�MS

log10 Mgas/M? / 0.5⇥�MS

‣ galaxies at the upper envelope of the MS have … 
         … high central gas densities 
         … high total gas masses 
         … high gas to stellar mass ratios 
         … depletion time - MS correlation

Tacchella+2016 The Confinement of Star-Forming Galaxies into a Main
Sequence through Gas Compaction, Depletion and Quenching

}
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Dark matter halos are elongated, especially !
near their centers.  Initially stars follow the !
gravitationally dominant dark matter, as shown.!
But later as the ordinary matter central density 
grows and it becomes gravitationally dominant, 
the star and dark matter distributions both 
become disky — as observed by Hubble 
Space Telescope  (van der Wel+ ApJL Sept 
2014).!

Our cosmological zoom-in simulations often produce elongated galaxies like observed 
ones.  The elongated distribution of stars follows the elongated inner dark matter halo.

MNRAS 453, 408–413 (2015) doi:10.1093/mnras/stv1603
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ABSTRACT
We report the identification of elongated (triaxial or prolate) galaxies in cosmological simula-
tions at z ≃ 2. These are preferentially low-mass galaxies (M∗ ≤ 109.5 M⊙), residing in dark
matter (DM) haloes with strongly elongated inner parts, a common feature of high-redshift
DM haloes in the ! cold dark matter cosmology. Feedback slows formation of stars at the
centres of these haloes, so that a dominant and prolate DM distribution gives rise to galaxies
elongated along the DM major axis. As galaxies grow in stellar mass, stars dominate the total
mass within the galaxy half-mass radius, making stars and DM rounder and more oblate. A
large population of elongated galaxies produces a very asymmetric distribution of projected
axis ratios, as observed in high-z galaxy surveys. This indicates that the majority of the galaxies
at high redshifts are not discs or spheroids but rather galaxies with elongated morphologies.

Key words: galaxies: evolution – galaxies: formation.

1 IN T RO D U C T I O N

The intrinsic, three-dimensional (3D) shapes of today’s galaxies
can be roughly described as discs or spheroids, or a combination of
the two. These shapes are characterized by having no preferential
long direction. Examples of galaxies elongated along a preferential
direction (prolate or triaxial) are rare at z = 0 (Padilla & Strauss
2008; Weijmans et al. 2014). They are usually unrelaxed systems,
such as ongoing mergers. However, at high redshifts, z = 1–4, we
may witness the rise of the galaxy structures that we see today at
the expense of other structures that may be more common during
those early and violent times.

Observations trying to constrain the intrinsic shapes of the stellar
components of high-z galaxies are scarce but they agree that the
distribution of projected axis ratios of high-z samples at z = 1.5–4
is inconsistent with a population of randomly oriented disc galaxies
(Ravindranath et al. 2006; Law et al. 2012; Yuma, Ohta & Yabe
2012). After some modelling, Law et al. (2012) concluded that
the intrinsic shapes are strongly triaxial. This implies that a large
population of high-z galaxies are elongated along a preferential
direction.

van der Wel et al. (2014) looked at the mass and redshift de-
pendence of the projected axis ratios using a large sample of star-
forming galaxies at 0 < z < 2.5 from CANDELS+3D-HST and
SDSS. They found that the fraction of intrinsically elongated galax-
ies increases towards higher redshifts and lower masses. They con-

⋆ E-mail: daniel.ceverino@cab.inta-csic.es

cluded that the majority of the star-forming galaxies with stellar
masses of M∗ = 109–109.5 M⊙ are elongated at z ≥ 1. At lower
redshifts, galaxies with similar masses are mainly oblate, disc-like
systems. It seems that most low-mass galaxies have not yet formed
a regularly rotating stellar disc at z ! 1. This introduces an interest-
ing theoretical challenge. In principle, these galaxies are gas-rich
and gas tends to settle in rotationally supported discs, if the angular
momentum is conserved (Fall & Efstathiou 1980; Blumenthal et al.
1986; Mo, Mao & White 1998; Bullock et al. 2001). At the same
time, high-mass galaxies tend to be oblate systems even at high-z.
The observations thus suggest that protogalaxies may develop an
early prolate shape and then become oblate as they grow in mass.

Prolateness or triaxiality are common properties of dark mat-
ter (DM) haloes in N-body-only simulations (Jing & Suto 2002;
Allgood et al. 2006; Bett et al. 2007; Macciò et al. 2007; Macciò,
Dutton & van den Bosch 2008; Schneider, Frenk & Cole 2012,
and references therein). Haloes at a given mass scale are more pro-
late at earlier times, and at a given redshift more massive haloes
are more elongated. For example, small haloes with virial masses
around Mv ≃ 1011 M⊙ at redshift z = 2 are as prolate as today’s
galaxy clusters. Individual haloes are more prolate at earlier times,
when haloes are fed by narrow DM filaments, including mergers,
rather than isotropically, as described in Vera-Ciro et al. (2011). The
progenitors of Milky Way-sized haloes are fairly prolate at redshift
z = 2 and they are increasingly more elongated at smaller radii
(Allgood et al. 2006) because their inner shells collapsed earlier.

The shape of the inner DM halo could influence the shape of
the central galaxy (Dekel & Shlosman 1983). If a triaxial halo
dominates the inner gravitational potential, the inner galaxy feels

C⃝ 2015 The Authors
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Formation of elongated galaxies 
with low masses at high redshift 
Daniel Ceverino, Joel Primack and Avishai Dekel 
ABSTRACT 

We report the identification of elongated (triaxial or prolate) 
galaxies in cosmological simulations at z ~ 2. These are 
preferentially low-mass galaxies (M∗ ≤ 109.5 M⊙), residing in 
dark matter (DM) haloes with strongly elongated inner parts, a 
common feature of high-redshift DM haloes in the cold dark 
matter cosmology. A large population of elongated galaxies 
produces a very asymmetric distribution of projected axis ratios, 
as observed in high-z galaxy surveys. This indicates that the 
majority of the galaxies at high redshifts are not discs or spheroids 
but rather galaxies with elongated morphologies 

Nearby large galaxies are mostly disks and spheroids — but they start out looking more like zucchinis.



Prolate galaxies dominate at high redshift/low masses

The Astrophysical Journal Letters, 792:L6 (6pp), 2014 September 1 van der Wel et al.
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Figure 3. Reconstructed intrinsic shape distributions of star-forming galaxies in our 3D-HST/CANDELS sample in four stellar mass bins and five redshift bins. The
model ellipticity and triaxiality distributions are assumed to be Gaussian, with the mean indicated by the filled squares, and the standard deviation indicated by the
open vertical bars. The 1σ uncertainties on the mean and scatter are indicated by the error bars. Essentially all present-day galaxies have large ellipticities, and small
triaxialities—they are almost all fairly thin disks. Toward higher redshifts low-mass galaxies become progressively more triaxial. High-mass galaxies always have
rather low triaxialities, but they become thicker at z ∼ 2.
(A color version of this figure is available in the online journal.)

Figure 4. Color bars indicate the fraction of the different types of shape defined in Figure 2 as a function of redshift and stellar mass. The negative redshift bins
represent the SDSS results for z < 0.1; the other bins are from 3D-HST/CANDELS.
(A color version of this figure is available in the online journal.)

Letter allows us to generalize this conclusion to include earlier
epochs.

At least since z ∼ 2 most star formation is accounted for by
!1010 M⊙ galaxies (e.g., Karim et al. 2011). Figures 3 and 4
show that such galaxies have disk-like geometries over the same
redshift range. Given that 90% of stars in the universe formed
over that time span, it follows that the majority of all stars in the
universe formed in disk galaxies. Combined with the evidence
that star formation is spatially extended, and not, for example,
concentrated in galaxy centers (e.g., Nelson et al. 2012; Wuyts
et al. 2012) this implies that the vast majority of stars formed in
disks.

Despite this universal dominance of disks, the elongatedness
of many low-mass galaxies at z ! 1 implies that the shape of
a galaxy generally differs from that of a disk at early stages
in its evolution. According to our results, an elongated, low-
mass galaxy at z ∼ 1.5 will evolve into a disk at later times, or,
reversing the argument, disk galaxies in the present-day universe
do not initially start out disks.13

As can be seen in Figure 3, the transition from elongated
to disky is gradual for the population. This is not necessarily

13 This evolutionary path is potentially interrupted by the removal of gas and
cessation of star formation.

4

van der Wel+2014

Prolate
Spheroidal
Oblate

See also WHEN DID ROUND DISK GALAXIES FORM?  T. M. Takeuchi et. al ApJ 2015



In hydro sims, dark-matter dominated galaxies are prolate
Ceverino, Primack, Dekel

M* <1010 M☉ at z=2

Stars

Dark matter

20 kpc

MNRAS 453, 408 (2015)

Formation of elongated galaxies with low masses at 
high redshift

See also Tomassetti et al. 2016 MNRAS



• 3 Aspects of Star-Forming Galaxies Seen in CANDELS 
– Compaction 
– Elongation 
– Clumps } Challenge for Observers  

& Simulators!

The hydroART cosmological zoom-in simulations produce 
all of these phenomena! 

Clumps remain a crucial challenge for simulators!



  

z
=

1
z
=

2
z
=

3

Seen in deep rest-frame UV (e.g., Elmegree+07, 09, Guo+12), rest-frame optical 
images (e.g., Forster Schreiber+11, Guo+12), and emission line maps (e.g, Genzel+08, 11)

Span a wide redshift range: 0.5<z<5

Typical stellar mass: 10^7~10^9 Msun, typical size: ~1 kpc 

Regions with blue UV—optical color and enhanced specific SFR (e.g., 

Guo+12, Wuyts+12)

Many are in underlying disks,  based on either morphological (e.g., 

Elmegreen+07,09) and kinematic (e.g., Genzel+11) analyses

Clumps: Important Feature of High-redshift Star-formingGalaxiesClumps: Important Feature of High-redshift Star-formingGalaxies

CLUMPS in CANDELS - Yicheng Guo
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Yicheng Guo+2015 Yicheng Guo+2012

About 60% of star-forming galaxies
are clumpy at z ~ 2.5.
The evolution of the clump fraction
is mass-dependent.

Clumps have radial variation of their 
UV-optical colors:
   - outer clumps are bluer &
   - central clumps are redder,
as clump radial migration predicts.
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Predicted Gradients of Clump Properties
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Mandelker+16 ART-AMR cosmological simulations, ~25pc resolution
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ABSTRACT
Cosmological simulations of galaxies have typically produced too many stars at early times.
We study the global and morphological effects of radiation pressure (RP) in eight pairs
of high-resolution cosmological galaxy formation simulations. We find that the additional
feedback suppresses star formation globally by a factor of ∼2. Despite this reduction, the
simulations still overproduce stars by a factor of ∼2 with respect to the predictions provided
by abundance matching methods for haloes more massive than 5 × 1011 M⊙ h−1 . We also
study the morphological impact of RP on our simulations. In simulations with RP the average
number of low-mass clumps falls dramatically. Only clumps with stellar masses Mclump/Mdisc

≤ 5 per cent are impacted by the inclusion of RP, and RP and no-RP clump counts above this
range are comparable. The inclusion of RP depresses the contrast ratios of clumps by factors
of a few for clump masses less than 5 per cent of the disc masses. For more massive clumps,
the differences between and RP and no-RP simulations diminish. We note, however, that the
simulations analysed have disc stellar masses below about 2 × 1010 M⊙ h−1. By creating mock
Hubble Space Telescope observations we find that the number of clumps is slightly reduced
in simulations with RP. However, since massive clumps survive the inclusion of RP and are
found in our mock observations, we do not find a disagreement between simulations of our
clumpy galaxies and observations of clumpy galaxies. We demonstrate that clumps found in
any single gas, stellar, or mock observation image are not necessarily clumps found in another
map, and that there are few clumps common to multiple maps.

Key words: galaxies: evolution – galaxies: formation – galaxies: kinematics and dynamics –
galaxies: star clusters: general – galaxies: star formation – galaxies: structure.

1 IN T RO D U C T I O N

Star-forming galaxies in the redshift range z ∼ 1–3 are frequently
observed with thick, turbulent discs and giant clumps. With the
SINS survey the morphology of high-z galaxies has drawn consid-
erable attention and revealed that high-mass galaxies show ordered
rotation despite hosting these large clumps (Förster Schreiber et al.
2009; Genzel et al. 2011). Furthermore, the clumps also appear to be
morphologically significant, typically being ∼kpc in size, and emit-
ting half the rest-frame ultraviolet light (Elmegreen & Elmegreen
2005; Förster Schreiber et al. 2006; Genzel et al. 2008). Observa-
tions using the Hubble Space Telescope (HST) have resolved sub-
kiloparsec scales and measured the detailed properties of clumps,

⋆ E-mail: joel@ucsc.edu

showing that 30 per cent of SFR of these galaxies is in the form
of clumps, with individual clumps contributing ∼10 per cent of the
total SFR at z ∼ 2 (Guo et al. 2012a,b; Wuyts et al. 2012). With
masses of ∼107–109 M⊙, these clumps are much larger than local
star-forming molecular clouds that have masses of ∼105–106 M⊙.
The clumpy morphology of high-redshift galaxies is thus markedly
different from local galaxies, and has precipitated further studies.

Attempting to match observations, recent theoretical analyses
have targeted this early epoch of galaxy formation. In both isolated
and cosmological simulations, clumps form from gravitational in-
stabilities within a gas-rich turbulent disc without associated dark
matter haloes (Bournaud, Elmegreen & Elmegreen 2007; Ceverino,
Dekel & Bournaud 2010). In detailed studies of multiple simu-
lated galaxy histories the fraction of clumpy discs peaks at z ∼ 2,
with 1–7 per cent of the disc mass in the form of clumps but com-
prising 5–45 per cent of the star formation rate (Mandelker et al.
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1 IN T RO D U C T I O N

Star-forming galaxies in the redshift range z ∼ 1–3 are frequently
observed with thick, turbulent discs and giant clumps. With the
SINS survey the morphology of high-z galaxies has drawn consid-
erable attention and revealed that high-mass galaxies show ordered
rotation despite hosting these large clumps (Förster Schreiber et al.
2009; Genzel et al. 2011). Furthermore, the clumps also appear to be
morphologically significant, typically being ∼kpc in size, and emit-
ting half the rest-frame ultraviolet light (Elmegreen & Elmegreen
2005; Förster Schreiber et al. 2006; Genzel et al. 2008). Observa-
tions using the Hubble Space Telescope (HST) have resolved sub-
kiloparsec scales and measured the detailed properties of clumps,
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showing that 30 per cent of SFR of these galaxies is in the form
of clumps, with individual clumps contributing ∼10 per cent of the
total SFR at z ∼ 2 (Guo et al. 2012a,b; Wuyts et al. 2012). With
masses of ∼107–109 M⊙, these clumps are much larger than local
star-forming molecular clouds that have masses of ∼105–106 M⊙.
The clumpy morphology of high-redshift galaxies is thus markedly
different from local galaxies, and has precipitated further studies.

Attempting to match observations, recent theoretical analyses
have targeted this early epoch of galaxy formation. In both isolated
and cosmological simulations, clumps form from gravitational in-
stabilities within a gas-rich turbulent disc without associated dark
matter haloes (Bournaud, Elmegreen & Elmegreen 2007; Ceverino,
Dekel & Bournaud 2010). In detailed studies of multiple simu-
lated galaxy histories the fraction of clumpy discs peaks at z ∼ 2,
with 1–7 per cent of the disc mass in the form of clumps but com-
prising 5–45 per cent of the star formation rate (Mandelker et al.
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In simulations with RP the average number of low-mass 
clumps falls dramatically. Only clumps with stellar 
masses Mclump/Mdisc ≤ 5 per cent are impacted by the 
inclusion of RP, and RP and no-RP clump counts above 
this range are comparable. By creating mock Hubble 
Space Telescope observations we find that the number of 
clumps is slightly reduced in simulations with RP. 
However, since massive clumps survive the inclusion of 
RP and are found in our mock observations, we do not 
find a disagreement between simulations of our clumpy 
galaxies and observations of clumpy galaxies. We 
demonstrate that clumps found in any single gas, stellar, 
or mock observation image are not necessarily clumps 
found in another map, and that there are few clumps 
common to multiple maps. 

Star formation and clumps in RP simulations 1397

Figure 5. Three clump finders, operating on three different projected quantities, are compared. The gas maps (first row), stellar mass maps (second row),
simulated V-band images (third row), and mock V-band images (fourth row) are shown above. The third row shows the simulated V-band image before
degrading. The bottom row images are degraded with background noise and an appropriate PSF. The mock images are comparable to HST rest-frame V-band
observations. Clumps found in the gas (squares, first column from the left), stars (circles, second column), and V-band mock images (downward triangles,
third column) are shown. Each map is 20 kpc on a side. This mosaic demonstrates that clumps found in any single map are not necessarily clumps found in
any other map although there are clumps common to multiple maps. Note that for gas and stellar maps, but not simulated V-band and mock V-band images,
clumps identified in the dark matter as minor mergers are excluded from the clump finder. As a result, the ongoing minor merger (top-right in every frame) is
found but excluded from analysis in the gas and stellar clump finders, but not in the mock V-band clump finder.
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Star formation and clumps in RP simulations 1397

Figure 5. Three clump finders, operating on three different projected quantities, are compared. The gas maps (first row), stellar mass maps (second row),
simulated V-band images (third row), and mock V-band images (fourth row) are shown above. The third row shows the simulated V-band image before
degrading. The bottom row images are degraded with background noise and an appropriate PSF. The mock images are comparable to HST rest-frame V-band
observations. Clumps found in the gas (squares, first column from the left), stars (circles, second column), and V-band mock images (downward triangles,
third column) are shown. Each map is 20 kpc on a side. This mosaic demonstrates that clumps found in any single map are not necessarily clumps found in
any other map although there are clumps common to multiple maps. Note that for gas and stellar maps, but not simulated V-band and mock V-band images,
clumps identified in the dark matter as minor mergers are excluded from the clump finder. As a result, the ongoing minor merger (top-right in every frame) is
found but excluded from analysis in the gas and stellar clump finders, but not in the mock V-band clump finder.
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Star formation and clumps in RP simulations 1397

Figure 5. Three clump finders, operating on three different projected quantities, are compared. The gas maps (first row), stellar mass maps (second row),
simulated V-band images (third row), and mock V-band images (fourth row) are shown above. The third row shows the simulated V-band image before
degrading. The bottom row images are degraded with background noise and an appropriate PSF. The mock images are comparable to HST rest-frame V-band
observations. Clumps found in the gas (squares, first column from the left), stars (circles, second column), and V-band mock images (downward triangles,
third column) are shown. Each map is 20 kpc on a side. This mosaic demonstrates that clumps found in any single map are not necessarily clumps found in
any other map although there are clumps common to multiple maps. Note that for gas and stellar maps, but not simulated V-band and mock V-band images,
clumps identified in the dark matter as minor mergers are excluded from the clump finder. As a result, the ongoing minor merger (top-right in every frame) is
found but excluded from analysis in the gas and stellar clump finders, but not in the mock V-band clump finder.
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effectively blurs multiple nearby clumps and reduces the visibility
of isolated clumps. As a result, there is a poor correlation between
individual clumps well-identified in the gas and those found in the
V-band images.

The clumps found in the stellar mass are shown as circles in the
second column of Fig. 5. These stellar clumps correspond well to
visually identified stellar clumps. However, out of the 34 clumps
identified in the stellar mass maps, a majority have no analogous
clumps in the gas maps. Most of the largest clumps are common to
the gas map, but smaller clumps are less likely to be found in the gas
map. 11 out of the 34 stellar mass clumps are not visually identified
in the simulated V-band image. As with the gas clump finder, the
low stellar mass clumps are less likely to correlate with clumps
found in other maps. Finally, none of the clumps identified in the
stars exactly matches clumps found in the mock V-band images.

To find clumps in the mock images we use forthcoming methods
currently being applied to HST observations as part of the CANDELS

program (Guo et al. 2014). A comparison with ‘by-eye’ human vi-
sual classifications of clumpiness of the same observations (Mozena
et al. 2014) provides a sanity check for clump finding techniques.
Generally speaking, both automated and human classifiers show
good agreement, with the automated clump finder working effec-
tively at detecting clumps.

We briefly detail the automated clump finding process in the
mock images. In order to find clumps in the mock images, we first
smooth a given mock image through a box car filter with a size
of 10 pixels to obtain a smoothed image. Then, we subtract the
smoothed image from the original image to make a contrast image.
After measuring the background fluctuation from the contrast image
with σ -clipping, we mask out all pixels below 2σ of the background
fluctuation to make a filtered image, where clumps stand out in a
zero background. We then run SEXTRACTOR (Bertin & Arnouts 1996)
on the filtered image to detect sources, and exclude suspicious
detections by enforcing a minimal detection area of 5 pixels. Each
detected source is considered a clump. For more details on this
method, please refer to Guo et al. (2014).

Clumps found in the mock V band are shown in the third column
as downward-facing triangles. As these are mock-observed images
we do not associate clumps with a dark matter halo, and do not
remove ex situ clumps from the analysis as we have done with the
gas- and star-based clump finders. There are three large clumps
visible in the mock V-band image. The first clump, at (x, y) = (3,
6), is an ongoing minor merger which is systematically excluded
by the gas and stellar clump finders, but otherwise would have been
found. The second clump, at (x, y) = (1, 1), is the galaxy centre,
which is similarly found and excluded by the gas and stellar clump
finders. The third brightest clump, at (x, y) = (−4, −1), is an object
spanning a single clump identified in the gas, but is a separately
identified clump in the stars. The ‘blurring’ of the clumps is due
to the combination of the smearing effect of the PSF, the addition
of a noise background, and possibly dust obscuration of structural
details. For example, the clump at (x, y) = (6, −1) is a combination
of two clumps identified in gas and two identified in the stars. The
net result is that none of the clumps found in the mock observations
translates directly into a single clump observed in the raw simulation
data.

In Fig. 6 the median number of clumps in the mock V-band images
is shown for RP and no-RP simulation as a function of scale factor.
The V-band observations are generally more sensitive to patchy star
formation and clumps compared to the H-band observations, and
thus their median number of clumps is higher. The median number
of clumps is typically one at early times for most bands except the

Figure 6. The median number of clumps per galaxy is shown as a function
of scale factor for a number of mock observed HST filters. In these cases, the
image has been degraded with the appropriate PSF and background noise
added. Also shown are error bars representing the 25 per cent and 75 per cent
percentiles. The filters are arranged from shortest wavelength (V band) to
longest wavelength (H band). At early times in the images few clumps are
found as the PSF and noise background conspire to blur and reduce the
number of visible clumps. At later times the number of clumps increases,
especially in the V band.

Table 2. The fraction of clumpy galaxies, fclumpy for
no-RP and RP simulations in several redshift ranges.
The clumpy fraction is the fraction of all simulations
with one or more clumps counted in the mock V-band
observations. RP simulations are overall less clumpy
than no-RP simulations.

fclumpy fclumpy fclumpy
z = 3.0–2.3 z = 2.3−1.9 z = 1.9−1.5

No-RP 0.32 0.53 0.64
RP 0.24 0.48 0.54

V band. In Table 2 the clumpy fraction is given for RP and no-
RP simulations for a range of redshifts. This fraction is defined as
the number of V-band mock images with one or more off-centre
clumps divided by the total number of V-band mock images. The
V-band clump number, for both RP and no-RP, is typically two or
greater at all times. At late times the discrepancy between RP and
no-RP grows, with the number of clumps in the no-RP being slightly
greater. As a result, we conclude that the number of observed clumps
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effectively blurs multiple nearby clumps and reduces the visibility
of isolated clumps. As a result, there is a poor correlation between
individual clumps well-identified in the gas and those found in the
V-band images.

The clumps found in the stellar mass are shown as circles in the
second column of Fig. 5. These stellar clumps correspond well to
visually identified stellar clumps. However, out of the 34 clumps
identified in the stellar mass maps, a majority have no analogous
clumps in the gas maps. Most of the largest clumps are common to
the gas map, but smaller clumps are less likely to be found in the gas
map. 11 out of the 34 stellar mass clumps are not visually identified
in the simulated V-band image. As with the gas clump finder, the
low stellar mass clumps are less likely to correlate with clumps
found in other maps. Finally, none of the clumps identified in the
stars exactly matches clumps found in the mock V-band images.

To find clumps in the mock images we use forthcoming methods
currently being applied to HST observations as part of the CANDELS

program (Guo et al. 2014). A comparison with ‘by-eye’ human vi-
sual classifications of clumpiness of the same observations (Mozena
et al. 2014) provides a sanity check for clump finding techniques.
Generally speaking, both automated and human classifiers show
good agreement, with the automated clump finder working effec-
tively at detecting clumps.

We briefly detail the automated clump finding process in the
mock images. In order to find clumps in the mock images, we first
smooth a given mock image through a box car filter with a size
of 10 pixels to obtain a smoothed image. Then, we subtract the
smoothed image from the original image to make a contrast image.
After measuring the background fluctuation from the contrast image
with σ -clipping, we mask out all pixels below 2σ of the background
fluctuation to make a filtered image, where clumps stand out in a
zero background. We then run SEXTRACTOR (Bertin & Arnouts 1996)
on the filtered image to detect sources, and exclude suspicious
detections by enforcing a minimal detection area of 5 pixels. Each
detected source is considered a clump. For more details on this
method, please refer to Guo et al. (2014).

Clumps found in the mock V band are shown in the third column
as downward-facing triangles. As these are mock-observed images
we do not associate clumps with a dark matter halo, and do not
remove ex situ clumps from the analysis as we have done with the
gas- and star-based clump finders. There are three large clumps
visible in the mock V-band image. The first clump, at (x, y) = (3,
6), is an ongoing minor merger which is systematically excluded
by the gas and stellar clump finders, but otherwise would have been
found. The second clump, at (x, y) = (1, 1), is the galaxy centre,
which is similarly found and excluded by the gas and stellar clump
finders. The third brightest clump, at (x, y) = (−4, −1), is an object
spanning a single clump identified in the gas, but is a separately
identified clump in the stars. The ‘blurring’ of the clumps is due
to the combination of the smearing effect of the PSF, the addition
of a noise background, and possibly dust obscuration of structural
details. For example, the clump at (x, y) = (6, −1) is a combination
of two clumps identified in gas and two identified in the stars. The
net result is that none of the clumps found in the mock observations
translates directly into a single clump observed in the raw simulation
data.

In Fig. 6 the median number of clumps in the mock V-band images
is shown for RP and no-RP simulation as a function of scale factor.
The V-band observations are generally more sensitive to patchy star
formation and clumps compared to the H-band observations, and
thus their median number of clumps is higher. The median number
of clumps is typically one at early times for most bands except the

Figure 6. The median number of clumps per galaxy is shown as a function
of scale factor for a number of mock observed HST filters. In these cases, the
image has been degraded with the appropriate PSF and background noise
added. Also shown are error bars representing the 25 per cent and 75 per cent
percentiles. The filters are arranged from shortest wavelength (V band) to
longest wavelength (H band). At early times in the images few clumps are
found as the PSF and noise background conspire to blur and reduce the
number of visible clumps. At later times the number of clumps increases,
especially in the V band.

Table 2. The fraction of clumpy galaxies, fclumpy for
no-RP and RP simulations in several redshift ranges.
The clumpy fraction is the fraction of all simulations
with one or more clumps counted in the mock V-band
observations. RP simulations are overall less clumpy
than no-RP simulations.

fclumpy fclumpy fclumpy
z = 3.0–2.3 z = 2.3−1.9 z = 1.9−1.5

No-RP 0.32 0.53 0.64
RP 0.24 0.48 0.54

V band. In Table 2 the clumpy fraction is given for RP and no-
RP simulations for a range of redshifts. This fraction is defined as
the number of V-band mock images with one or more off-centre
clumps divided by the total number of V-band mock images. The
V-band clump number, for both RP and no-RP, is typically two or
greater at all times. At late times the discrepancy between RP and
no-RP grows, with the number of clumps in the no-RP being slightly
greater. As a result, we conclude that the number of observed clumps
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Formation and Settling of a Disc Galaxy During the Last 8 Billion Years 
in a Cosmological Simulation
Daniel Ceverino, Joel Primack, Avishai Dekel, Susan A. Kassin - MNRAS submitted

Disk Settling: σ/V declines as observed 
in similar-mass galaxies (Mhalo = 1.7x1011)
This is one of the AGORA initial conditions.

The simulation at z = 0.1 produces a
thin disk, much like observed galaxies
of this mass





AGORA High-Resolution Simulation Comparison
Initial Conditions for Simulations 
   MUSIC galaxy masses at z~0: ~1010, 1011, 1012, 1013 M
     with both quiet and busy merging trees
     isolation criteria agreed for Lagrangian regions 
   Isolated Spiral Galaxy at z~1:  ~1012 M

⦿

Astrophysics that all groups will include
    UV background (Haardt-Madau 2012);  Grackle 
    cooling function (based on ENZO and Eris cooling)

Tools to compare simulations based on yt, for all codes               
useused in AGORA, with instantaneous visualization
Images and SEDs for all timesteps from yt ➠ Sunrise 

⦿

www.AGORAsimulations.org

http://www.AGORAsimulations.org
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ABSTRACT

We introduce the Assembling Galaxies Of Resolved Anatomy (AGORA) project, a comprehensive numerical
study of well-resolved galaxies within the ΛCDM cosmology. Cosmological hydrodynamic simulations with force
resolutions of ∼100 proper pc or better will be run with a variety of code platforms to follow the hierarchical
growth, star formation history, morphological transformation, and the cycle of baryons in and out of eight galaxies
with halo masses Mvir ≃ 1010, 1011, 1012, and 1013 M⊙ at z = 0 and two different (“violent” and “quiescent”)
assembly histories. The numerical techniques and implementations used in this project include the smoothed particle
hydrodynamics codes Gadget and Gasoline, and the adaptive mesh refinement codes Art, Enzo, and Ramses.
The codes share common initial conditions and common astrophysics packages including UV background, metal-
dependent radiative cooling, metal and energy yields of supernovae, and stellar initial mass function. These are
described in detail in the present paper. Subgrid star formation and feedback prescriptions will be tuned to provide
a realistic interstellar and circumgalactic medium using a non-cosmological disk galaxy simulation. Cosmological
runs will be systematically compared with each other using a common analysis toolkit and validated against
observations to verify that the solutions are robust—i.e., that the astrophysical assumptions are responsible for any
success, rather than artifacts of particular implementations. The goals of the AGORA project are, broadly speaking,
to raise the realism and predictive power of galaxy simulations and the understanding of the feedback processes
that regulate galaxy “metabolism.” The initial conditions for the AGORA galaxies as well as simulation outputs
at various epochs will be made publicly available to the community. The proof-of-concept dark-matter-only test
of the formation of a galactic halo with a z = 0 mass of Mvir ≃ 1.7 × 1011 M⊙ by nine different versions of the
participating codes is also presented to validate the infrastructure of the project.
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ABSTRACT

We introduce the Assembling Galaxies Of Resolved Anatomy (AGORA) project, a comprehensive numerical
study of well-resolved galaxies within the ΛCDM cosmology. Cosmological hydrodynamic simulations with force
resolutions of ∼100 proper pc or better will be run with a variety of code platforms to follow the hierarchical
growth, star formation history, morphological transformation, and the cycle of baryons in and out of eight galaxies
with halo masses Mvir ≃ 1010, 1011, 1012, and 1013 M⊙ at z = 0 and two different (“violent” and “quiescent”)
assembly histories. The numerical techniques and implementations used in this project include the smoothed particle
hydrodynamics codes Gadget and Gasoline, and the adaptive mesh refinement codes Art, Enzo, and Ramses.
The codes share common initial conditions and common astrophysics packages including UV background, metal-
dependent radiative cooling, metal and energy yields of supernovae, and stellar initial mass function. These are
described in detail in the present paper. Subgrid star formation and feedback prescriptions will be tuned to provide
a realistic interstellar and circumgalactic medium using a non-cosmological disk galaxy simulation. Cosmological
runs will be systematically compared with each other using a common analysis toolkit and validated against
observations to verify that the solutions are robust—i.e., that the astrophysical assumptions are responsible for any
success, rather than artifacts of particular implementations. The goals of the AGORA project are, broadly speaking,
to raise the realism and predictive power of galaxy simulations and the understanding of the feedback processes
that regulate galaxy “metabolism.” The initial conditions for the AGORA galaxies as well as simulation outputs
at various epochs will be made publicly available to the community. The proof-of-concept dark-matter-only test
of the formation of a galactic halo with a z = 0 mass of Mvir ≃ 1.7 × 1011 M⊙ by nine different versions of the
participating codes is also presented to validate the infrastructure of the project.
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ABSTRACT

We introduce the Assembling Galaxies Of Resolved Anatomy (AGORA) project, a comprehensive numerical
study of well-resolved galaxies within the ΛCDM cosmology. Cosmological hydrodynamic simulations with force
resolutions of ∼100 proper pc or better will be run with a variety of code platforms to follow the hierarchical
growth, star formation history, morphological transformation, and the cycle of baryons in and out of eight galaxies
with halo masses Mvir ≃ 1010, 1011, 1012, and 1013 M⊙ at z = 0 and two different (“violent” and “quiescent”)
assembly histories. The numerical techniques and implementations used in this project include the smoothed particle
hydrodynamics codes Gadget and Gasoline, and the adaptive mesh refinement codes Art, Enzo, and Ramses.
The codes share common initial conditions and common astrophysics packages including UV background, metal-
dependent radiative cooling, metal and energy yields of supernovae, and stellar initial mass function. These are
described in detail in the present paper. Subgrid star formation and feedback prescriptions will be tuned to provide
a realistic interstellar and circumgalactic medium using a non-cosmological disk galaxy simulation. Cosmological
runs will be systematically compared with each other using a common analysis toolkit and validated against
observations to verify that the solutions are robust—i.e., that the astrophysical assumptions are responsible for any
success, rather than artifacts of particular implementations. The goals of the AGORA project are, broadly speaking,
to raise the realism and predictive power of galaxy simulations and the understanding of the feedback processes
that regulate galaxy “metabolism.” The initial conditions for the AGORA galaxies as well as simulation outputs
at various epochs will be made publicly available to the community. The proof-of-concept dark-matter-only test
of the formation of a galactic halo with a z = 0 mass of Mvir ≃ 1.7 × 1011 M⊙ by nine different versions of the
participating codes is also presented to validate the infrastructure of the project.
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2 Proposed Theoretical and Computational Astrophysics Network

TCAN proposals must describe the roles of the participating nodes and the connections between
them that will establish the project as a network. Our proposed network includes six major nodes
(Caltech, Columbia University, New Mexico State University, UCSC, UCSD, and Stanford) and one
minor node (Johns Hopkins University). Our PIs and Co-PIs at the major nodes are all engaged
in pathbreaking numerical simulations of galaxy formation and evolution, and we have all agreed
to collaborate as participants in the AGORA project. Our Collaborators provide relevant leading
expertise. Our group includes principal authors of the three leading AMR codes ART (Klypin),
Enzo (Norman and Bryan), and RAMSES (Collaborator Teyssier), some of the leading users and
developers of SPH codes, and leading expertise in the theory of star formation and feedback in
galaxies (including several of our PIs and Collaborators Teyssier and Krumholz).

It will be crucial to have adequate data storage for many timesteps of many simulations to be
stored and analyzed. As director of the San Diego Supercomputer Center (SDSC), Mike Norman
has agreed to make storage and computation available to the proposed network. In addition, UCSC
will make computer time and storage available on its new Hyades astrophysics computer system
(which was just bought with a NSF MRI grant), including running simulation outputs through
Sunrise to generate realistic images and SEDs. PI Alex Szalay at JHU provides unique expertise
in sharing and management of relevant data. See also the next section, the Data Management
Plan, and the Facilities pages.

All of the project leaders have been communicating regularly by telephone, email, and web
conferences, especially since the AGORA project began in August 2012. Funding of our proposal
will permit this cooperation to be enhanced by additional sharing of postdocs and graduate students
between the nodes. For example, we propose to fund Dr. Matt Turk, the main developer of the yt
analysis code, who will remain at Columbia but work closely with the California nodes, including
Stanford (where he did his PhD with Tom Abel), UCSD (where he was a postdoc with Mike
Norman), and UCSC (which he has visited frequently to participate in meetings and to lead yt
workshops). Dr. Ji-hoon Kim, who has been the main coordinator of the AGORA project working
with Piero Madau and Joel Primack at UCSC, will become a Moore Fellow with Phil Hopkins at
Caltech but remain in close touch with Stanford (where he did his PhD with Tom Abel) and UCSC.
We are requesting partial funding for additional postdocs to be shared between the nodes, and who
will help to provide the “glue” in our proposed Network.

Postdocs are playing a crucial role in the AGORA project, leading two of the four AGORA
task-oriented working groups and all of the science-oriented working groups.

We have established task-oriented AGORA working groups, to address the following topics:

Working Group Objectives and Tasks
T1 Common Astrophysics UV background, metal-dependent cooling, IMF, metal yields
T2 ICs: Isolated common initial conditions for isolated low-z disk galaxies
T3 ICs: Cosmological common initial conditions for cosmological zoom-in simulations

T4 Common Analysis
support yt and other analysis tools, define quantitative

and physically meaningful comparisons across simulations

We have also established ten science-oriented AGORA working groups, each of which aims to
perform original research and produce at least one article to be submitted for publication. These
working groups, and others that will be organized if needed, will enable the AGORA project to
address basic problems in galaxy formation both theoretically and observationally. For example,
from analytic calculations and simulations, it is becoming clear that stellar radiative feedback is
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Working Group Science Questions (includes, but not limited to)

S1
Isolated Galaxies and

Subgrid Physics
tune the subgrid physics across platforms to produce similar

results for similar astrophysical assumptions
S2 Dwarf Galaxies simulate ∼1010M⊙ halos, compare results across all platforms
S3 Dark Matter radial profile, shape, substructure, core-cusp problem
S4 Satellite Galaxies effects of environment, UV background, tidal disruption
S5 Galactic Characteristics surface brightness, stellar properties, metallicity, images, SEDs
S6 Outflows outflows, circumgalactic medium, metal absorption systems
S7 High-redshift Galaxies cold flows, clumpiness, kinematics, Lyman-limit systems
S8 Interstellar Medium galactic interstellar medium, thermodynamics
S9 Massive Black Holes black hole growth and feedback in galactic context

S10
Lyα Absorption
and Emission

prediction of Lyα maps for simulated galaxies and their
environments including effects of radiative transfer

crucial to regulate star formation in high-resolution simulations, but that supernova feedback is
also crucial to drive outflows comparable to those observed.2 We want to understand better the
physical bases for these two types of feedback, and we want to define well-controlled tests to verify
that similar astrophysical assumptions produce similar results when implemented in different AMR
and SPH codes.

Relationship between AGORA and the proposed Network on High-Resolution
Galaxy Simulations. The goals of the proposed Network are aligned with those of the AGORA
project, but go beyond it in two ways. First, the proposed NHiRGS will provide services to
the AGORA project, including the crucial roles of managing the shared storage, analysis, and
distribution of the data, and also managing AGORA web communication and collaboration. Sec-
ond, the NHiRGS will go beyond the AGORA project by undertaking more ambitious goals that
require a several-year time scale. In addition to the challenging topics that we are already starting
to address in the AGORA project, we also want to broaden the scope of the proposed work by
our Network to include several other topics that are important in galaxy formation and evolution,
including dust formation and destruction, the role of cosmic rays and magnetic fields and the in-
corporation of MHD in the simulations. In order to make efficient use of the increasingly powerful
but also increasingly inhomogeneous supercomputers, we will work together to develop codes that
can usefully exploit Nvidia’s GPU and Intel’s MIC accelerators, as has already been done for the
Sunrise code (e.g., Jonsson & Primack 2010). Load imbalance is a leading cause of latency in run-
ning simulations. Mike Norman’s group has been developing Cello, an “extreme” adaptive mesh
refinement approach to allow scaling to many processors, ultimately millions, with automatic load
balancing. High-resolution galaxy simulations already consume ∼ 108 cpu-hours per year, so it will
be increasingly important to develop codes that can more efficiently exploit increasingly powerful
supercomputers.

We summarize the activities of the leaders of the proposed Network in the Table, which lists
each of the Nodes and their leaders (with names of postdocs who are already working on this project
in parentheses). The main developers for each activity are indicated by D, other developers by D,
and users by U.

All of these topics will be addressed by people at several of our participating nodes (except for
minor node Johns Hopkins, where Alex Szalay leads our Data Management effort). We expect to

2This was recently reviewed by Collaborator Krumholz http://phys.huji.ac.il/~joaw/winterschool/
krumholz_lecture3.pdf

5

1333379

AGORA Task-Oriented Working Groups

AGORA Science Working Groups

www.AGORAsimulations.org

http://www.AGORAsimulations.org


2 Proposed Theoretical and Computational Astrophysics Network

TCAN proposals must describe the roles of the participating nodes and the connections between
them that will establish the project as a network. Our proposed network includes six major nodes
(Caltech, Columbia University, New Mexico State University, UCSC, UCSD, and Stanford) and one
minor node (Johns Hopkins University). Our PIs and Co-PIs at the major nodes are all engaged
in pathbreaking numerical simulations of galaxy formation and evolution, and we have all agreed
to collaborate as participants in the AGORA project. Our Collaborators provide relevant leading
expertise. Our group includes principal authors of the three leading AMR codes ART (Klypin),
Enzo (Norman and Bryan), and RAMSES (Collaborator Teyssier), some of the leading users and
developers of SPH codes, and leading expertise in the theory of star formation and feedback in
galaxies (including several of our PIs and Collaborators Teyssier and Krumholz).

It will be crucial to have adequate data storage for many timesteps of many simulations to be
stored and analyzed. As director of the San Diego Supercomputer Center (SDSC), Mike Norman
has agreed to make storage and computation available to the proposed network. In addition, UCSC
will make computer time and storage available on its new Hyades astrophysics computer system
(which was just bought with a NSF MRI grant), including running simulation outputs through
Sunrise to generate realistic images and SEDs. PI Alex Szalay at JHU provides unique expertise
in sharing and management of relevant data. See also the next section, the Data Management
Plan, and the Facilities pages.

All of the project leaders have been communicating regularly by telephone, email, and web
conferences, especially since the AGORA project began in August 2012. Funding of our proposal
will permit this cooperation to be enhanced by additional sharing of postdocs and graduate students
between the nodes. For example, we propose to fund Dr. Matt Turk, the main developer of the yt
analysis code, who will remain at Columbia but work closely with the California nodes, including
Stanford (where he did his PhD with Tom Abel), UCSD (where he was a postdoc with Mike
Norman), and UCSC (which he has visited frequently to participate in meetings and to lead yt
workshops). Dr. Ji-hoon Kim, who has been the main coordinator of the AGORA project working
with Piero Madau and Joel Primack at UCSC, will become a Moore Fellow with Phil Hopkins at
Caltech but remain in close touch with Stanford (where he did his PhD with Tom Abel) and UCSC.
We are requesting partial funding for additional postdocs to be shared between the nodes, and who
will help to provide the “glue” in our proposed Network.

Postdocs are playing a crucial role in the AGORA project, leading two of the four AGORA
task-oriented working groups and all of the science-oriented working groups.

We have established task-oriented AGORA working groups, to address the following topics:

Working Group Objectives and Tasks
T1 Common Astrophysics UV background, metal-dependent cooling, IMF, metal yields
T2 ICs: Isolated common initial conditions for isolated low-z disk galaxies
T3 ICs: Cosmological common initial conditions for cosmological zoom-in simulations

T4 Common Analysis
support yt and other analysis tools, define quantitative

and physically meaningful comparisons across simulations

We have also established ten science-oriented AGORA working groups, each of which aims to
perform original research and produce at least one article to be submitted for publication. These
working groups, and others that will be organized if needed, will enable the AGORA project to
address basic problems in galaxy formation both theoretically and observationally. For example,
from analytic calculations and simulations, it is becoming clear that stellar radiative feedback is

4

1333379

Working Group Science Questions (includes, but not limited to)

S1
Isolated Galaxies and

Subgrid Physics
tune the subgrid physics across platforms to produce similar

results for similar astrophysical assumptions
S2 Dwarf Galaxies simulate ∼1010M⊙ halos, compare results across all platforms
S3 Dark Matter radial profile, shape, substructure, core-cusp problem
S4 Satellite Galaxies effects of environment, UV background, tidal disruption
S5 Galactic Characteristics surface brightness, stellar properties, metallicity, images, SEDs
S6 Outflows outflows, circumgalactic medium, metal absorption systems
S7 High-redshift Galaxies cold flows, clumpiness, kinematics, Lyman-limit systems
S8 Interstellar Medium galactic interstellar medium, thermodynamics
S9 Massive Black Holes black hole growth and feedback in galactic context

S10
Lyα Absorption
and Emission

prediction of Lyα maps for simulated galaxies and their
environments including effects of radiative transfer

crucial to regulate star formation in high-resolution simulations, but that supernova feedback is
also crucial to drive outflows comparable to those observed.2 We want to understand better the
physical bases for these two types of feedback, and we want to define well-controlled tests to verify
that similar astrophysical assumptions produce similar results when implemented in different AMR
and SPH codes.

Relationship between AGORA and the proposed Network on High-Resolution
Galaxy Simulations. The goals of the proposed Network are aligned with those of the AGORA
project, but go beyond it in two ways. First, the proposed NHiRGS will provide services to
the AGORA project, including the crucial roles of managing the shared storage, analysis, and
distribution of the data, and also managing AGORA web communication and collaboration. Sec-
ond, the NHiRGS will go beyond the AGORA project by undertaking more ambitious goals that
require a several-year time scale. In addition to the challenging topics that we are already starting
to address in the AGORA project, we also want to broaden the scope of the proposed work by
our Network to include several other topics that are important in galaxy formation and evolution,
including dust formation and destruction, the role of cosmic rays and magnetic fields and the in-
corporation of MHD in the simulations. In order to make efficient use of the increasingly powerful
but also increasingly inhomogeneous supercomputers, we will work together to develop codes that
can usefully exploit Nvidia’s GPU and Intel’s MIC accelerators, as has already been done for the
Sunrise code (e.g., Jonsson & Primack 2010). Load imbalance is a leading cause of latency in run-
ning simulations. Mike Norman’s group has been developing Cello, an “extreme” adaptive mesh
refinement approach to allow scaling to many processors, ultimately millions, with automatic load
balancing. High-resolution galaxy simulations already consume ∼ 108 cpu-hours per year, so it will
be increasingly important to develop codes that can more efficiently exploit increasingly powerful
supercomputers.

We summarize the activities of the leaders of the proposed Network in the Table, which lists
each of the Nodes and their leaders (with names of postdocs who are already working on this project
in parentheses). The main developers for each activity are indicated by D, other developers by D,
and users by U.

All of these topics will be addressed by people at several of our participating nodes (except for
minor node Johns Hopkins, where Alex Szalay leads our Data Management effort). We expect to

2This was recently reviewed by Collaborator Krumholz http://phys.huji.ac.il/~joaw/winterschool/
krumholz_lecture3.pdf

5

1333379

AGORA Task-Oriented Working Groups

AGORA Science Working Groups

www.AGORAsimulations.org

http://www.AGORAsimulations.org


AGORA Isolated Disk Comparison
Milky Way-mass Disk Galaxy Formation with 80 pc Resolution      

- If carefully constrained, galaxy simulation codes agree well with one another despite 
having evolved largely independently for many years without cross-breedings 
- Simulations are more sensitive to input physics than to intrinsic code differences.
- AGORA continues to promote collaborative and reproducible science in the community. 

Website:  AGORAsimulations.org

Summary of preliminary results:

submitted to ApJ



Summary 

• 3 Aspects of Star-Forming Galaxies Seen in CANDELS 
– Giant Clumps 
– Compaction 
– Elongation 

• AGORA Galaxy Simulation Comparison Project 
– Understand different results from different codes, 

and raise the realism of all simulation codes

• Introduction - Large-Scale Simulations and Galaxies 
– Planck Cosmology Simulations more halos at high M, z 
– Stellar Halo Accretion Rate Coevolution (SHARC)

} All of these are 
seen in our 
simulations!

Thanks!!


