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ABSTRACT

We present new determinations of the stellar-to-halo mass relation (SHMR) at
z = 0−10 that match the evolution of the galaxy stellar mass function, the SFR−M∗

relation, and the cosmic star formation rate. We utilize a compilation of 40 obser-
vational studies from the literature and correct them for potential biases. Using our
robust determinations of halo mass assembly and the SHMR, we infer star forma-
tion histories, merger rates, and structural properties for average galaxies, combining
star-forming and quenched galaxies. Our main findings: (1) The halo mass M50 above
which 50% of galaxies are quenched coincides with sSFR/sMAR ∼ 1, where sMAR
is the specific halo mass accretion rate. (2) M50 increases with redshift, presumably
due to cold streams being more efficient at high redshift while virial shocks and AGN
feedback become more relevant at lower redshifts. (3) The ratio sSFR/sMAR has a
peak value, which occurs around Mvir ∼ 2 × 1011M⊙. (4) The stellar mass density
within 1 kpc, Σ1, is a good indicator of the galactic global sSFR. (5) Galaxies are
statistically quenched after they reach a maximum in Σ1, consistent with theoretical
expectations of the gas compaction model; this maximum depends on redshift. (6) In-
situ star formation is responsible for most galactic stellar mass growth, especially for
lower-mass galaxies. (7) Galaxies grow inside out. The marked change in the slope of
the size–mass relation when galaxies became quenched, from d logReff/d logM∗ ∼ 0.35
to ∼ 2.5, could be the result of dry minor mergers.
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1 INTRODUCTION

There has been remarkable recent progress in assembling
large galaxy samples from multiwavelength sky surveys.
Moreover, these advances are not just for observations of
local galaxies but also for very distant galaxies, resulting
in reliable samples which contain hundreds of thousands of
galaxies at z ∼ 0.1, tens of thousands between z ∼ 0.2 − 4,
hundreds of galaxies between z ∼ 6 − 8 and a few tens of
galaxies confirmed as distant as z ∼ 9−10.1 Thus, statistical

⋆ rodriguez.puebla@gmail.com
1 These achievements are all the more impressive when one real-
izes that the Universe was only ∼ 500 Myrs old at z = 10.

analyses of the properties of the galaxies are now possible
with unprecedented detail including robust determinations
of the luminosity functions (LF) over a very wide redshift
range.

In parallel, substantial progress has been made on stel-
lar population synthesis (SPS) modelling (for a recent re-
view, see Conroy 2013), allowing the determination of phys-
ical parameters that are key to studying galaxy evolution,
including galaxy stellar masses and star formation rates
(SFRs).2 Thus, we are in a era in which determinations of

2 Also empirically motivated diagnostics of galaxy SFR have been
improved in the last few years; for a recent review, see Kennicutt
& Evans (2012).
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Aldo Rodŕıguez-Puebla1,2⋆, Joel R. Primack3, Vladimir Avila-Reese2,
and S. M. Faber4
1 Department of Astronomy & Astrophysics, University of California at Santa Cruz, Santa Cruz, CA 95064, USA
2 Instituto de Astronomı́a, Universidad Nacional Autónoma de México, A. P. 70-264, 04510, México, D.F., México
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Figure A2. The cosmic star formation rate, CSFR. The solid
black line shows the resulting best fit model to the CSFR as
described in Section 2.4. The blue solid lines shows when ignoring
random errors in stellar mass determinations while the red solid
shows when assuming the distribution of star-formation rate as a
δ−Dirac distribution function. The green solid line shows when
both effects are totally ignore.

Figure B1. Total number density of halos and subhalos,
φhalo(Mhalo)dMhalo, from z = 0 to z = 10. Mhalo should be inter-
preted as the virial mass, Mvir, for distinct halos and Mpeak for
subhalos.. For central halos we are using the Tinker et al. (2008)
model with the parameters updated in Rodŕıguez-Puebla et al.
(2016a) based on large Bolshoi-Planck and MultiDark-Planck cos-
mological simulations using the cosmological parameters from the
Planck mission. For subhalos we use the maximum mass reached
along the main progenitor assembly, denoted as Mpeak.

B1 Halo Mass Functions

The abundance of dark matter halos has been studied in a
great detail in a number of previous studies since the pioneer
work in Press & Schechter (1974).

In this paper we will denote the comoving number den-
sity of halos within the mass range Mvir and Mvir + dMvir

as φvir(Mvir) dMvir. Theoretically this is given by

φvir(Mvir)dMvir = f(σ)
ρm
M2

vir

!

!

!

!

d ln σ−1

d lnMvir

!

!

!

!

dMvir, (B1)

where ρm is the mean matter density and σ is the amplitude
of the perturbations. Following Klypin, Trujillo-Gomez &
Primack (2011), we find in Rodŕıguez-Puebla et al. (2016a)
that to a high accuracy σ it is given by

σ(Mvir, a) =
17.111y0.405D(a)

1 + 1.306y0.22 + 6.218y0.317
, (B2)

with y = Mvir/10
12h−1M⊙. The above equation is only valid

for the cosmology studied in this paper. The linear growth-
rate factor, denoted by D(a), is given by the expression

D(a) =
g(a)
g(1)

, (B3)

where to a good approximation g(a) is given by (Lahav et al.
1991):

g(a) =
5
2Ωm(a)a

Ωm(a)−ΩΛ(a) + [1 + 1
2Ωm(a)]/[1 + 1

70ΩΛ(a)]
. (B4)

The function f(σ) is given by the parametrization in Tinker
et al. (2008):

f(σ) = A

"

#σ
b

$−a
+ 1

%

e−c/σ2

. (B5)

In this paper we use the updated values for the parameters
A,a, b and c reported in Rodŕıguez-Puebla et al. (2016a) and
given by:

A = 0.144 − 0.011z + 0.003z2 , (B6)

a = 1.351 − 0.068z + 0.006z2 , (B7)

b = 3.113 − 0.077z − 0.013z2, (B8)

b = 1.187 − 0.009z. (B9)

For the comoving number density of subhalos within
the mass range logMpeak and logMpeak+d logMpeak we use
the fitting model proposed in Behroozi, Wechsler & Conroy
(2013b) with the updated parameters in Rodŕıguez-Puebla
et al. (2016a)

φsub(Mpeak)d logMpeak = Csub(z)G(Mvir, z)×
φvir(Mvir)d logMvir, (B10)

where

logCsub(z) = −0.0863 + 0.0087a − 0.0113a2−
0.0039a3 + 0.0004a4, (B11)

and

G(Mvir, z) = X0.0724 exp(−X0.2206), (B12)

where X = Mvir/Mcut(z). The fitting function for Mcut(z)
is given by

log(Mcut(z)) = 11.9046 − 0.6364z + 0.02069z2+

0.0220z3 − 0.0012z4 . (B13)

Figure B1 shows the predicted redshift evolution of
φhalo(Mhalo) using the equations described in this section
from z = 0 to z = 10.
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Figure B2. Median halo mass growth for progenitors z = 0 with
masses of Mvir = 1011, 1012, 1013, 1014 and 1015h−1M⊙, solid
lines. Fits to simulations are shown with the dotted lines.

B2 Halo Mass Assembly

The rate at which dark matter halos grow will determine
the rate at which the cosmological baryonic inflow mate-
rial reaches the interstellar medium of a galaxy. Eventually,
when necessary conditions are satisfied, some of this cosmo-
logical baryonic material will be transformed into stars. As
described in Section 2.2, we use the growth of dark matter
halos to predict the star formation histories of galaxies with-
out modelling how the cold gas in the galaxy is converted
into stars.

Figure B2 compares the medians of the halo mass
growth for progenitors at z = 0 with masses of Mvir =
1011, 1012, 1013, 1014 and 1015h−1M⊙, for the BolshoiP
(dashed solid line) SMDPL (dot-dash line) and MDPL (long
dashed line) simulations with the fitting functions reported
in Rodŕıguez-Puebla et al. (2016a) (solid line). In order to
characterize the growth of dark matter halos Rodŕıguez-
Puebla et al. (2016a) used the fitting function from Behroozi,
Wechsler & Conroy (2013b)

Mvir(Mvir,0, z) = M13(z)10
f(Mvir,0,z) (B14)

where

M13(z) = 1013.6h−1M⊙(1+z)2.755(1+
z
2
)−6.351 exp (−0.413z)(B15)

f(Mvir, z) = log

!

Mvir,0

M13(0)

"

g(Mvir,0, 1)
g(Mvir,0, a)

(B16)

g(Mvir,0, a) = 1 + exp[−3.676(a − a0(Mvir,0))] (B17)

a0(Mvir,0) = 0.592−log

#

0.113

!

1015.7h−1M⊙

Mvir,0

"

+ 1

$

.(B18)

We can generalize the above function to characterize the
halo mass growth of any progenitor at any redshift z0 by
moving the origin from z to z → z − z0, (see e.g., Correa
et al. 2015). The above change leaves Equation B19 as:

Mvir(Mvir,0, z − z0) = M13(z − z0)10
f(Mvir,0,z−z0). (B19)

This is the Equation that we will use for the growth of halos.

Figure C1. Impact of surface brightness corrections at z ∼ 0.1.
This figure shows the ratio between the GSMF corrected for sur-
face brightness incompleteness to the one where this correction
was ignored. This correction could be up to a factor of ∼ 2− 3 at
the lowest masses. This correction becomes more important for
galaxies below M∗ ∼ 108.5M⊙ while at large masses it is unim-
portant and the ratio asymptotes to ∼ 1, as expected.

Note that halo mass accretion rates can be derived by taking
the derivative of Equation B19 with respect to the time.

APPENDIX C: THE SURFACE BRIGHTNESS

CORRECTION AT REDSHIFTS ∼ 0.1

In this paper we are interested in constraining the galaxy
stellar mass to halo mass relation over a wide dynamical
mass range, i.e., from dwarf galaxies to giant ellipticals that
are on the centres of big clusters. For that reason we impose
the following conditions for our GSMF at z ∼ 0.1: (1) We
will require that it should be complete to the lowest masses
and (2) sample the largest volume possible (in order to avoid
sample variance and Poisson variance, see e.g., Smith 2012).
To do this, we use the GSMF derived in Rodriguez-Puebla
et al. (in prep.) that has been corrected for the fraction
of missing galaxies due to surface brightness limits in the
SDSS DR7. In short, in order to satisfy the above require-
ments, Rodriguez-Puebla et al. (in prep.) uses two samples
from the SDSS. Our first sample consist of a small volume
(0.0033 < z < 0.05) carefully constructed to study very low
mass/luminosity galaxies (Blanton et al. 2005a). We follow
closely the methodology described in Blanton et al. (2005a)
for the correction due to surface brightness incompleteness
as a function of M∗. Our second galaxy sample consists of
the main galaxy sample of the SDSS DR7 in the redshift
range 0.01 < z < 0.2. This volume is large enough to study
intermediate to high mass galaxies without introducing large
errors due to sample variance and Poission variance. Finally,
the resulting mass function is the combination of the GSMF
for low mass galaxies from M∗ ∼ 107M⊙ to M∗ ∼ 109M⊙

and for the main galaxy sample from M∗ ∼ 109M⊙ to
M∗ ∼ 1012.2M⊙.
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Constraining the Galaxy Halo Connection: Star Formation 
Histories, Galaxy Mergers, and Structural Properties, by Aldo 
Rodriguez-Puebla, Joel Primack, Vladimir Avila-Reese, and Sandra Faber

We use results from the Bolshoi-Planck simulation (Aldo Rodriguez-
Puebla, Peter Behroozi, Joel Primack, Anatoly Klypin, Christoph Lee, 
Doug Hellinger, MNRAS 462, 893 (2016), including halo and subhalo 
abundance as a function of redshift (Fig B1 at right), median halo mass 
growth for halos of given Mvir at z = 0 (Fig B2).  Our semi-empirical 
approach uses SubHalo Abundance Matching (SHAM), which matches 
the cumulative galaxy stellar mass function (GSMF) to the cumulative 
stellar mass function to correlate galaxy stellar mass with (sub)halo mass. 

Unlike the halo occupation distribution (HOD) or conditional stellar mass 
function approaches, we do not attempt to match the galaxy two-point 
correlation function or galaxy group catalogs.

Assumptions: every halo hosts a galaxy, mass growth of galaxies is 
associated with that of halos, blue star-forming galaxies are Sersic n = 1 
(i.e., exponential) and red quenched galaxies are n = 4 (de Vaucouleurs).
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Table 1. Observational data on the galaxy stellar mass function

Author Redshifta Ω [deg2] Corrections

Bell et al. (2003) z ∼ 0.1 462 I+SP+C
Yang, Mo & van den Bosch (2009a) z ∼ 0.1 4681 I+SP+C
Li & White (2009) z ∼ 0.1 6437 I+P+C
Bernardi et al. (2010) z ∼ 0.1 4681 I+SP+C
Bernardi et al. (2013) z ∼ 0.1 7748 I+SP+C
Rodriguez-Puebla et al. in prep z ∼ 0.1 7748 S
Drory et al. (2009) 0 < z < 1 1.73 SP+C
Moustakas et al. (2013) 0 < z < 1 9 SP+D+C
Pérez-González et al. (2008) 0.2 < z < 2.5 0.184 I+SP+D+C
Tomczak et al. (2014) 0.2 < z < 3 0.0878 C
Ilbert et al. (2013) 0.2 < z < 4 2 C
Muzzin et al. (2013) 0.2 < z < 4 1.62 I+C
Santini et al. (2012) 0.6 < z < 4.5 0.0319 I+C
Mortlock et al. (2011) 1 < z < 3.5 0.0125 I+C
Marchesini et al. (2009) 1.3 < z < 4 0.142 I+C
Stark et al. (2009) z ∼ 6 0.089 I
Lee et al. (2012) 3 < z < 7 0.089 I+SP+C
González et al. (2011) 4 < z < 7 0.0778 I+C
Duncan et al. (2014) 4 < z < 7 0.0778 C
Song et al. (2015) 4 < z < 8 0.0778 I
This paper, Appendix D 4 < z < 10 0.0778 –

Notes: aIndicates the redshift used in this paper. I=IMF; P= photometry corrections; S=Surface Brightness correction; D=Dust
model; NE= Nebular Emissions: SP = SPS Model: C = Cosmology.

ies (Bernardi et al. 2010, 2013, 2016) have found that the
measurements of the light profiles based on the standard
SDSS pipeline photometry could be underestimated due to
sky subtraction issues. This could result in a underestima-
tion of the abundance of massive galaxies up to a factor of
five. While new algorithms have been developed for obtain-
ing more precise measurements of the sky subtraction and
thus to improve the photometry (Blanton et al. 2011; Simard
et al. 2011; Meert, Vikram & Bernardi 2015) there is not yet
a consensus. For this paper, we decided to ignore this correc-
tion that we may study in more detail in future works. Nev-
ertheless, we apply photometric corrections to the GSMF
reported in Li & White (2009). These authors used stellar
masses estimations based on the SDSS r−band Petrosian
magnitudes. It is well known that using Petrosian magni-
tudes could result in a underestimation of the total light by
an amount that could depend on the surface brightness pro-
file of the galaxy and thus results in the underestimation of
the total stellar mass. This will result in an artificial shift
of the GSMF towards lower masses. In order to account for
this shift for the Li & White (2009) GSMF, we apply a con-
stant correction of 0.04 dex to all masses. As reported by
Guo et al. (2010), this correction gives an accurate repre-
sentation of the GSMF when the total light is considered,
instead.

At z ∼ 0.1 we use the GSMF derived in Rodriguez-
Puebla et al. (in prep.) that has been corrected for the frac-
tion of missing galaxies due to surface brightness limits by
combining the SDSS NYU-VAGC low-redshift sample and
the SDSS DR7 based on the methodology described in Blan-
ton et al. (2005b). Following Baldry et al. (2012), we correct
the GSMF for the distances based on Tonry et al. (2000). We
found that including missing galaxies due to surface bright-
ness incompleteness could increase the number of galaxies

up to a factor of ∼ 2 − 3 at the lowest masses, see Figure
C1, and therefore have a direct impact on the SHMR.

4.1.3 The Evolution of the GSMF

Appendix D describes our inference of the GSMF from z ∼ 4
to z ∼ 10. In short, we use several UV LFs reported in the
literature together with stellar mass-UV luminosity relations
from Duncan et al. (2014); Song et al. (2015); Dayal et al.
(2014) to derive the evolution of the GSMF from z ∼ 4 to
z ∼ 10. We assume a survey area of 0.0778 deg2s as in the
CANDELS survey (e.g., Song et al. 2015).

Figure 2 shows the evolution of the GSMF from z ∼ 0.1
to z ∼ 10. The filled circles show the mean of the ob-
served GSMFs that we use through this paper in various
redshift bins, while the errors bars represent the propaga-
tion of the individual errors from the GSMF. Alternatively,
we also compute standard deviations from the set of GSMF.
We calculated the mean, and the standard deviation of the
observed GSMFs by using the bootstrapping approach by
resampling with replacement. We use the bootstrapping ap-
proach since it will allow us to empirically derive the dis-
tribution of current observations on the GSMFs and thus
robustly infer the mean evolution of the GSMFs. Method-
ologically, we start by choosing various intervals in redshift
as indicated in the labels in Figure 2. For each redshift
bin, we create 30, 000 bootstrap samples based on the ob-
served distribution of all the GSMFs for that redshift bin,
φgobs

(M∗, z), and then compute the median and its cor-
responding standard deviation from the distribution for a
given stellar mass interval.

A few features of the mean evolution of the observed
GSMF are worth mentioning at this point. At high redshifts
the GSMF is described by a Schechter function, as has been
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thus to improve the photometry (Blanton et al. 2011; Simard
et al. 2011; Meert, Vikram & Bernardi 2015) there is not yet
a consensus. For this paper, we decided to ignore this correc-
tion that we may study in more detail in future works. Nev-
ertheless, we apply photometric corrections to the GSMF
reported in Li & White (2009). These authors used stellar
masses estimations based on the SDSS r−band Petrosian
magnitudes. It is well known that using Petrosian magni-
tudes could result in a underestimation of the total light by
an amount that could depend on the surface brightness pro-
file of the galaxy and thus results in the underestimation of
the total stellar mass. This will result in an artificial shift
of the GSMF towards lower masses. In order to account for
this shift for the Li & White (2009) GSMF, we apply a con-
stant correction of 0.04 dex to all masses. As reported by
Guo et al. (2010), this correction gives an accurate repre-
sentation of the GSMF when the total light is considered,
instead.

At z ∼ 0.1 we use the GSMF derived in Rodriguez-
Puebla et al. (in prep.) that has been corrected for the frac-
tion of missing galaxies due to surface brightness limits by
combining the SDSS NYU-VAGC low-redshift sample and
the SDSS DR7 based on the methodology described in Blan-
ton et al. (2005b). Following Baldry et al. (2012), we correct
the GSMF for the distances based on Tonry et al. (2000). We
found that including missing galaxies due to surface bright-
ness incompleteness could increase the number of galaxies

up to a factor of ∼ 2 − 3 at the lowest masses, see Figure
C1, and therefore have a direct impact on the SHMR.

4.1.3 The Evolution of the GSMF

Appendix D describes our inference of the GSMF from z ∼ 4
to z ∼ 10. In short, we use several UV LFs reported in the
literature together with stellar mass-UV luminosity relations
from Duncan et al. (2014); Song et al. (2015); Dayal et al.
(2014) to derive the evolution of the GSMF from z ∼ 4 to
z ∼ 10. We assume a survey area of 0.0778 deg2s as in the
CANDELS survey (e.g., Song et al. 2015).

Figure 2 shows the evolution of the GSMF from z ∼ 0.1
to z ∼ 10. The filled circles show the mean of the ob-
served GSMFs that we use through this paper in various
redshift bins, while the errors bars represent the propaga-
tion of the individual errors from the GSMF. Alternatively,
we also compute standard deviations from the set of GSMF.
We calculated the mean, and the standard deviation of the
observed GSMFs by using the bootstrapping approach by
resampling with replacement. We use the bootstrapping ap-
proach since it will allow us to empirically derive the dis-
tribution of current observations on the GSMFs and thus
robustly infer the mean evolution of the GSMFs. Method-
ologically, we start by choosing various intervals in redshift
as indicated in the labels in Figure 2. For each redshift
bin, we create 30, 000 bootstrap samples based on the ob-
served distribution of all the GSMFs for that redshift bin,
φgobs

(M∗, z), and then compute the median and its cor-
responding standard deviation from the distribution for a
given stellar mass interval.

A few features of the mean evolution of the observed
GSMF are worth mentioning at this point. At high redshifts
the GSMF is described by a Schechter function, as has been
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Table 2. Observational data on the star formation rates

Author Redshifta SFR Estimator Corrections Type

Chen et al. (2009) z ∼ 0.1 Hα/Hβ S All
Salim et al. (2007) z ∼ 0.1 UV SED S All
Noeske et al. (2007) 0.2 < z < 1.1 UV+IR S All
Karim et al. (2011) 0.2 < z < 3 1.4 GHz I+S+E All
Dunne et al. (2009) 0.45 < z < 2 1.4 GHz I+S+E All
Kajisawa et al. (2010) 0.5 < z < 3.5 UV+IR I All
Whitaker et al. (2014) 0.5 < z < 3 UV+IR I+S All
Sobral et al. (2014) z ∼ 2.23 Hα I+S+SP SF
Reddy et al. (2012) 2.3 < z < 3.7 UV+IR I+S+SP SF
Magdis et al. (2010) z ∼ 3 FUV I+S+SP SF
Lee et al. (2011) 3.3 < z < 4.3 FUV I+SP SF
Lee et al. (2012) 3.9 < z < 5 FUV I+SP SF
González et al. (2012) 4 < z < 6 UV+IR I+NE SF
Salmon et al. (2015) 4 < z < 6 UV SED I+NE+E SF
Bouwens et al. (2011) 4 < z < 7.2 FUV I+S SF
Duncan et al. (2014) 4 < z < 7 UV SED I+NE SF
Shim et al. (2011) z ∼ 4.4 Hα I+S+SP SF
Steinhardt et al. (2014) z ∼ 5 UV SED I+S SF
González et al. (2010) z = 7.2 UV+IR I+NE SF
This paper, Appendix D 4 < z < 8 FUV I+E+NE SF

Notes aIndicates the redshift used in this paper. I=IMF; S=Star formation calibration; E=Extinction; NE= Nebular Emissions;
SP=SPS Model

galaxies as a reference to compare with our model and thus
gain more insights on how galaxies evolve from active to
passive as well as on their structural evolution (discussed in
Section 7). For the fraction of quiescent galaxies fQ we use
the following relation:

fQ(M∗, z) =
1

1 + (M∗/Mchar(z))α
, (44)

where Mchar is the transition stellar mass at which the frac-
tions of blue star forming and red quenched galaxies are both
50%. Figure 1 shows Mchar as a function of redshift from
observations and previous constraints. The solid black line
shows the relation log(Mchar(z)/M⊙) = 10.2 + 0.6z that we
will employ in this paper, and the gray solid lines show the
results when shifting (Mchar(z)/M⊙) by 0.1 dex above and
below. We will use this shift as our uncertainty in the def-
inition for log(Mchar(z)/M⊙). The red (blue) curves in the
figure show the stellar mass vs. redshift where 75% (25%) of
the galaxies are quenched.

Finally, we will assume that α = −1.3. The transition
stellar mass is such that at z = 0 log(Mchar(z)/M⊙) = 10.2
and at z = 2 log(Mchar(z)/M⊙) = 11.4.

5 CONSTRAINING THE MODEL

The galaxy population in our model is described by four
properties: halo mass Mvir, halo mass accretion rates, stel-
lar mass M∗, and star formation rate SFR. In order to con-
strain the model we combine several observational data sets,
including the GSMFs, the SFRs and the CSFR for all galax-
ies. In this Section we describe our adopted methodology as
well as the best resulting fit parameters in our model.

In order to sample the best-fit parameters that maxi-

mize the likelihood function L ∝ e−χ2/2 we use the MCMC

Figure 2. Redshift evolution from z ∼ 0.1 to z ∼ 10 of the
galaxy stellar mass function (GSMF) derived by using 20 ob-
servational samples from the literature and represented with the
filled circles with error bars. The various GSMFs have been cor-
rected for potential systematics that could affect our results, see
the text for details. Solid lines are the best fit model from a set of
3×105 MCMC models. These fits take into account uncertainties
affecting the GSMF as discussed in the text. Note that at lower
redshifts (z <

∼ 3) galaxies tend to pile up at M∗ ∼ 3 × 1010M⊙

due to the increase in the number of massive quenched galaxies
at lower redshifts.

approach, described in detail in Rodŕıguez-Puebla, Avila-
Reese & Drory (2013).

We compute the total χ2 as,

χ2 = χ2
GSMF + χ2

SFR + χ2
CSFR (45)

where for the GSMFs we define

χ2
GSMF =

X

j,i

χ2
φj,i

, (46)
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approach, described in detail in Rodŕıguez-Puebla, Avila-
Reese & Drory (2013).

We compute the total χ2 as,

χ2 = χ2
GSMF + χ2

SFR + χ2
CSFR (45)

where for the GSMFs we define

χ2
GSMF =

X

j,i

χ2
φj,i

, (46)
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Figure 3. Star formation rates as a function of redshift z in five stellar mass bins. Black solid lines shows the resulting best fit model
to the SFRs implied by our model. The filled circles with error bars show the observed data as described in the text, see Section 2.

for the SFRs

χ2
SFR =

X

j,i

χ2
SFRj,i

, (47)

and for the CSFRs

χ2
CSFR =

X

i

χ2
ρ̇i

. (48)

In all the equations the sum over j refers to different stellar
mass bins while i refers to summation over different red-
shifts. The fittings are made to the data points with their
error bars of each GSMF, SFR and CSFR.

In total our galaxy model consists of eighteen pa-
rameters. Thirteen are to model the redshift evolu-
tion of the SHMR, Equations (27)–(31): p⃗SHMR =
{ϵ0, ϵ1, ϵ2, ϵ3, MC0, MC1, MC2, α, α1, α2, δ0, δ1, δ2, γ0, γ1}; and
three more to model the fraction of stellar mass growth due
to in-situ star formation: p⃗in situ = {Min situ,0, Min situ,1, β}.
To sample the best fit parameters in our model we run a set
of 3 × 105 MCMC models.

Figure 2 shows the best-fit model GSMFs from z ∼ 0.1
to z ∼ 10 with the solid lines as indicated by the labels. This
figure shows the evolution of the observed GSMF based in
our compiled data described in Section 4.1.

Figure 3 shows the star formation rates as a function of
redshift z in five stellar mass bins. The observed SFRs from
the literature are plotted with filled circles with error bars
while the best fit model is plotted with the solid black lines.
In general, our model fits describe well the observations at
all mass bins and all redshifts.

We present the best-fit model to the CSFR in the Up-
per Panel of Figure 4. The observed CSFRs employed for
constraining the model are shown with the solid circles and
error bars. The Lower Panel of Figure 4 compares the cos-
mic stellar mass density predicted by our model fit with the
data compiled in the review by Madau & Dickinson (2014);
the agreement is impressive.

In Appendix A we discuss the impact of the different
assumptions employed in the modelling. The best fitting pa-
rameters to our model are:

log(ϵ(z)) = −1.763 ± 0.034+
P(0.047 ± 0.095,−0.073 ± 0.018, z) ×Q(z)+
P(−0.039 ± 0.010, 0, z),

(49)

log(M0(z)) = 11.543 ± 0.041+
P(−1.615 ± 0.154,−0.134 ± 0.032, z) ×Q(z),

(50)

α(z) = 1.970 ± 0.032+
P(0.505 ± 0.162, 0.014 ± 0.020, z) ×Q(z),

(51)

δ(z) = 3.411 ± 0.238+
P(0.687 ± 0.510,−0.561 ± 0.101, z) ×Q(z),

(52)

γ(z) = 0.496 ± 0.039 + P(−0.198 ± 0.094, 0, z) ×Q(z), (53)

log(Min situ(z)) = 12.953 ± 0.251+
P(4.050 ± 1.300, 0, z),

(54)

β(z) = 1.251 ± 0.223. (55)

For our best fitting model we find that χ2 = 520.4 from
a number of Nd = 488 observational data points. Since our
model consist of Np = 18 free parameters the resulting re-
duced χ2 is χ2/d.o.f. = 1.1.

6 THE GALAXY-HALO CONNECTION

6.1 The Stellar-to-Halo mass relation from z ∼ 0.1
to z ∼ 10

The upper panel of Figure 5 shows the constrained evolu-
tion of the SHMR while the lower panel shows the stellar-
to-halo mass ratio from z ∼ 0.1 to z ∼ 10. Recall that in
the case of central galaxies we refer to Mhalo as the virial
mass Mvir of the host halo, while for satellites Mhalo refers
to the maximum mass Mpeak reached along the main pro-
genitor assembly history. Consistent with previous results
the SHMR appears to evolve only very slowly below z ∼ 1.
This situation is quite different between z ∼ 1 and z ∼ 7,
where at a fixed halo mass the mean stellar mass is lower at
higher redshifts. The middle panel of the same figure shows
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Figure 1. The stellar mass M50(z) at which the fractions of
blue star-forming and red quenched galaxies are both 50%. The
open square with error bars shows the transition mass for local
galaxies as derived in Bell et al. (2003) based on the SDSS DR2
and using the g− r color magnitude diagram, while the filled tri-
angles show the transition mass derived in Bundy et al. (2006)
based on the DEEP2 survey and using the U − B color magni-
tude diagram. The long dashed line shows the results of Drory &
Alvarez (2008) based on the FORS Deep Field survey using the
SFR distribution. The x symbols show observations from Pozzetti
et al. (2010) based on the COSMOS survey using the SFR dis-
tribution. A filled square shows observations from Baldry et al.
(2012) based on the GAMA survey using the g − r color magni-
tude diagram. Filled circles show observations from Muzzin et al.
(2013) based on the COSMOS/ULTRAVISTA survey using the
UVJ diagram. The short dashed line shows the empirical results
based on abundance matching and using the SFR distribution
by Firmani & Avila-Reese (2010). The solid black line shows the
relation log(M50(z)/M⊙) = 10.2 + 0.6z employed in this paper,
which is consistent with most of the above studies. The gray solid
lines show the results when shifting (M50(z)/M⊙) 0.1 dex higher
and lower. The red (blue) curves show the stellar mass vs. z where
75% (25%) of the galaxies are quenched.

star-forming galaxies is rather different from a common ap-
proach in the literature, in which a given galaxy is considered
to be quenched based on its specific star formation rate and
redshift. For example, Pandya et al. (2016) defines transi-
tion galaxies to have sSFR between 0.6 dex (1.5σ) and 1.4
dex (3.5σ) below the star-forming main sequence, with fully
quenched galaxies having sSFR even farther below the main
sequence. But our statistical approach does not permit this.

5 CONSTRAINING THE MODEL

The galaxy population in our model is described by four
properties: halo mass Mvir, halo mass accretion rates, stel-
lar mass M∗, and star formation rate SFR. In order to con-
strain the model we combine several observational data sets,
including the GSMFs, the SFRs and the CSFR for all galax-
ies. In this Section we describe our adopted methodology as
well as the best resulting fit parameters in our model.

In order to sample the best-fit parameters that maxi-

mize the likelihood function L ∝ e−χ2/2 we use the MCMC

Figure 2. Redshift evolution from z ∼ 0.1 to z ∼ 10 of the galaxy
stellar mass function (GSMF) derived by using 20 observational
samples from the literature and represented with the filled circles
with error bars. The various GSMFs have been homogenized and
corrected for potential systematics that could affect our results,
see the text for details. Solid lines are the best fit model from a set
of 3×105 MCMC trials. These fits take into account uncertainties
affecting the GSMF as discussed in the text. Note that at lower
redshifts (z <

∼ 3) galaxies tend to pile up at M∗ ∼ 3 × 1010M⊙

due to the increase in the number of massive quenched galaxies
at lower redshifts.

approach, described in detail in Rodŕıguez-Puebla, Avila-
Reese & Drory (2013).

We compute the total χ2 as,

χ2 = χ2
GSMF + χ2

SFR + χ2
CSFR (45)

where for the GSMFs we define

χ2
GSMF =

!

j,i

χ2
φj,i

, (46)

for the SFRs

χ2
SFR =

!

j,i

χ2
SFRj,i

, (47)

and for the CSFRs

χ2
CSFR =

!

i

χ2
ρ̇i . (48)

In all the equations the sum over j refers to different stellar
mass bins while i refers to summation over different red-
shifts. The fittings are made to the data points with their
error bars of each GSMF, SFR and CSFR.

In total our galaxy model consists of eighteen ad-
justable parameters. Fifteen are to model the redshift
evolution of the SHMR, Equations (27)–(31): p⃗SHMR =
{ϵ0, ϵ1, ϵ2, ϵ3,MC0,MC1,MC2,α,α1,α2, δ0, δ1, δ2, γ0, γ1}; and
three more to model the fraction of stellar mass growth due
to in-situ star formation: p⃗in situ = {Min situ,0,Min situ,1,β}.
To sample the best fit parameters in our model we run a set
of 3× 105 MCMC models. The resulting best-fit parameters
are given in Equations (49) – (55).

Figure 2 shows the best-fit model GSMFs from z ∼ 0.1
to z ∼ 10 with the solid lines as indicated by the labels. This
figure shows the evolution of the observed GSMF based in
our compiled data described in Section 4.1.

Figure 3 shows the SFRs as a function of redshift z in
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Star formation rates as a function of redshift z in five stellar mass bins. 
Black solid lines shows the resulting best fit model to the SFRs implied by 
our approach. The filled circles with error bars show the observed data. 
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In all the equations the sum over j refers to different stellar
mass bins while i refers to summation over different red-
shifts. The fittings are made to the data points with their
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In total our galaxy model consists of eighteen ad-
justable parameters. Fifteen are to model the redshift
evolution of the SHMR, Equations (27)–(31): p⃗SHMR =
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three more to model the fraction of stellar mass growth due
to in-situ star formation: p⃗in situ = {Min situ,0,Min situ,1,β}.
To sample the best fit parameters in our model we run a set
of 3× 105 MCMC models. The resulting best-fit parameters
are given in Equations (49) – (55).

Figure 2 shows the best-fit model GSMFs from z ∼ 0.1
to z ∼ 10 with the solid lines as indicated by the labels. This
figure shows the evolution of the observed GSMF based in
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Figure 19. Comparison with previous works that report galaxy stellar masses as a function of halo mass. Abundance matching results
from Guo et al. (2010); Behroozi, Wechsler & Conroy (2013b); and Moster, Naab & White (2013) are shown respectively with violet, blue
and red solid lines. The results of Yang et al. (2012) based on the evolution of the GSMF, galaxy groups counts, and galaxy clustering
are shown with the orange and olive shaded regions for their SMF1 and SMF2 cases. Constraints from combining the GSMF, galaxy
clustering, and galaxy weak lensing from Leauthaud et al. (2012) and Coupon et al. (2015) are shown with the gray and magenta lines,
respectively. Note the good agreement at all redshifts between the different techniques except for SMF1.

tainties in the constrained relations our SHMR is consistent
with those derived in Behroozi, Wechsler & Conroy (2013b).

In the z > 0.1 panels of Figure 19 we plot as a dashed
curve the time-independent SHMR, i.e., the SHMR obtained
at z ∼ 0.1. Note that below z ∼ 2 most of the models
as well as our mass relations are consistent with a time-
independent SHMR. Recently, Behroozi, Wechsler & Conroy
(2013a) showed that assuming a time-independent SHMR
could simply explain the cosmic star formation rate since
z = 4. In a subsequent work Rodŕıguez-Puebla et al. (2016b)
extended that argument for studying the galaxies in the
main sequence galaxy star formation by showing that the
dispersion of the halo mass accretion rates matched the ob-
served dispersion of star formation rates.

8.1.2 Halo mass-to-stellar mass relationship

Figure 20 shows mean virial masses as a function of galaxy
stellar mass, i.e., we invert the SHMR to obtain a Mvir–
M∗ relationship. Because the SHMR relationship has an in-
trinsic scatter, inverting this relation is not as simple as
just inverting the axis of the relation; we also need to take
into account the scatter around the relation. This can be

done by using Bayes’ theorem by writing P (Mvir|M∗) =
P (M∗|Mvir) × φvir(Mvir)/φg(M∗). Using this equation we
can thus compute mean halo masses as a function of M∗. In
general, we observe that the resulting Mvir–M∗ relationship
evolves in the direction that at a fixed stellar mass galaxies
tend to have lower halo masses at higher redshifts.

We now compare with recent determinations of the
Mvir–M∗ relationship. We begin by describing data ob-
tained from galaxy weak lensing analysis. In Figure 20 we
plot the results reported in Mandelbaum et al. (2006) from
the stacked weak-lensing analysis for the SDSS DR4 at
z ∼ 0.1, black open circles with error bars (95% of confi-
dence intervals). Mandelbaum et al. (2006) reported halo
masses separately for late- and early-type galaxies. Here
we estimated the average mass relation as: ⟨Mvir⟩(M∗) =
fl(M∗)⟨Mvir⟩l(M∗)+fe(M∗)⟨Mvir⟩e(M∗), where fe(M∗) and
fl(M∗) are the fraction of late- and early-type galaxies in
their sample. The corresponding values of halo masses for
late- and early-type galaxies are ⟨Mvir⟩l and ⟨Mvir⟩e. The
empty red squares in the same figure show the analysis from
van Uitert et al. (2011) who combined image data from the
Red Sequence Cluster Survey (RCS2) and the SDSS DR7
to obtain the halo masses for late- and early-type galaxies
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Figure 20. Comparison with previous works that report halo mass as a function of galaxy stellar masses. Weak lensing studies from
Mandelbaum et al. (2006); van Uitert et al. (2011); Velander et al. (2014); Hudson et al. (2013) and Heymans et al. (2006) are shown
respectively with the black open circles, empty red squares, empty blue triangles, open blue/red pentagons and green filled square.
Galaxy clustering from Wake et al. (2011); Skibba et al. (2015), and Harikane et al. (2016) are shown with the filled blue circles, solid
black circles and red solid triangles respectively. The dotted line shows when assuming a time-independent M∗–Mvir relation.

as a function of M∗. Similarly to Mandelbaum et al. (2006)
data, we also derive their mean halo masses based on their
reported fraction of early- and late-type galaxies. We also in-
clude the stacked weak-lensing analysis from Velander et al.
(2014) based on the CFHTLens survey, empty blue triangles.
The authors derive halo masses separately for blue and red
galaxies based on the color-magnitude diagram. We again
derive their mean halo masses by using the reported frac-
tion of blue and red galaxies. Using the CFHTLenS survey
Hudson et al. (2013) also derived halo masses as a function
of stellar masses for blue and red galaxies separately. We
showed their results with the open blue and red pentagons.
Unfortunately, the authors do not report the fraction of blue
and red galaxies so we plot their mass relations separately
for blue and red galaxies. The green filled square in Figure
20 shows the halo mass derived from galaxy weak lensing at
z ∼ 0.8 from Heymans et al. (2006) by combing the Chandra
Deep Field South and the Hubble Space Telescope GEMS
survey.

Next, we discuss halo masses obtained from galaxy clus-
tering. Wake et al. (2011) used the halo occupation dis-
tribution (HOD) model of galaxy clustering to derive halo
masses between z = 1 − 2 from the NEWFIRM Medium
Band Survey (NMBS), filled blue circles. Similarly, Skibba

et al. (2015) used the HOD model and the observed stel-
lar mass dependent clustering of galaxies in the PRIMUS
and DEEP2 redshift survey from z ∼ 0.2 to z ∼ 1.2 to
constrain the Mvir–M∗ relationship, indicated by the solid
black circles. Martinez-Manso et al. (2015) used the Deep-
Field Survey to derive the angular clustering of galaxies and
obtain halo masses by modelling galaxy clustering in the
context of the HOD. Finally, Harikane et al. (2016) esti-
mated the angular distribution of of Lyman break galaxies
between z ∼ 4−7 from the Hubble Legacy deep Imaging and
the Subaru/Hyper Suprime-Cam data. Halo masses were es-
timated using the HOD model, filled red triangles in Figure
20.

Similarly to the determinations of the SHMR compared
in Figure 19, the Mvir–M∗ relationships described above
agree very well between each other and with our mass re-
lations from abundance matching, especially at z <

∼ 1. The
dotted lines show the resulting Mvir–M∗ relationship when
assuming a time-independent SHMR. Note that the evolu-
tion of this relation simply reflects the fact that the ratio
φvir(Mvir)/φg(M∗) is not constant with time.

We acknowledge that are other direct techniques to de-
rive halo masses from galaxy samples. One example is to
use the kinematics of satellite galaxies as test particles of
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Figure 11. Analytic fits to the Star formation histories as indicated by the labels. Left Panel: Lognormal fits. Right Panel: Delayed−τ
fits. Note that lognormal fits describes well the average star formation histories of galaxies in halos with masses around and below
Mvir = 1012M⊙. Delayed−τ fits are poor fits at all masses.

Figure 12. Left Panel: Stellar-halo accretion rate coevolution (SHARC) assumption as a function of halo mass for progenitors at z = 0.
The black solid lines show the trajectories for progenitors with Mvir = 1011, 1011.5, 1012, 1013, 1014 and 1015M⊙. Right Panel: Like the
left panel, but as a function of stellar mass for their corresponding halo progenitors. These figures show that the SHARC assumption is
a good approximation within a factor of ∼ 2 for star-forming galaxies, which are a majority of those below the quenching curves. Recall
that in both panels, the dashed lines denote the transition below/above which galaxies are star-forming/quenched, and the upper (lower)
long-dash curves show the stellar mass vs. z where 75% (25%) of the galaxies are quenched.

mass downsizing respectively (e.g., Conroy &Wechsler 2009;
Firmani & Avila-Reese 2010, and references therein). The
former implies that low-mass galaxies for some reason de-
layed the stellar mass assembly with respect to their halos,
while the latter implies that the more massive the galaxies,
the earlier their mass growth was quenched while their halos
continued growing. It is interesting to note that all galaxies
that are quenched today went through a phase in which they
co-evolved with their host halo, i.e., sSFR/sMAR ∼ 1.

We note that the halo star formation efficiency peaks
around progenitors with Mvir ∼ 2 × 1011M⊙, which corre-
sponds to galaxies with masses M∗ ∼ (0.8 − 3) × 109M⊙.

Those galaxies have very high values of sSFR/sMAR ∼
6−10. Moreover, these galaxies spent a considerable amount
of time having large values of sSFR/sMAR – of the order
of few Gyrs. Then, the halo star formation efficiency de-
creases again for progenitors at z ∼ 0 with masses below
Mvir ∼ 2 × 1011M⊙, implying that, at least at z ∼ 0, the
halo mass Mvir ∼ 2 × 1011M⊙ is “special”. The fact that
in more massive halos the ratio sSFR/sMAR decreases is
not surprising, this is supported by both theoretical and ob-
servational studies which show that they are more likely to
host quenched galaxies, as we discussed above. Note, how-
ever, that the ratio sSFR/sMAR is not always increasing as
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Figure 3. Star formation rates as a function of redshift z in five stellar mass bins. Black solid lines shows the resulting best fit model
to the SFRs implied by our model. The filled circles with error bars show the observed data as described in the text, see Section 2.

Figure 4. Specific star formation rates as a function of stellar
mass from z ∼ 0.1 to z ∼ 6. The solid lines show our best fitting
model while the shaded areas show the 1σ confidence intervals
using the our set of MCMC models. The filled circles show the
observations we utilize to constrain our model.

an order of magnitude. Nonetheless, given the uncertainties
when deriving the GSMFs at high redshifts z > 4, this result
should be taken with caution. For comparison, the dashed
lines in both panels show the cosmic baryon fraction im-
plied by the Planck Collaboration et al. (2016) cosmology,
fb = ΩB/ΩM ≈ 0.16.

Next we study the integral stellar conversion efficiency,
defined as η = f∗/fb. This is shown in the left panel of Figure
7 for progenitors at z = 0 of dark matter halos with masses
between Mvir = 1011M⊙ and Mvir = 1015M⊙. Dark mat-
ter halos are most efficient when their progenitors reached
masses between Mvir ∼ 5× 1011M⊙ − 2× 1012M⊙ at z < 1,
and the stellar conversion efficiency is never larger than

η ∼ 0.2. Theoretically, the characteristic mass of 1012h−1M⊙

is expected to mark a transition above which the stellar
conversion efficiency becomes increasingly inefficient. The
reason is that at halo masses above 1012h−1M⊙ the effi-
ciency at which the virial shocks can heat the gas increases
(e.g., Dekel & Birnboim 2006). Additionally, in such massive
galaxies the gas can be kept from cooling by the feedback
from active galactic nuclei (Croton et al. 2006; Cattaneo
et al. 2008; Henriques et al. 2015; Somerville & Davé 2015,
and references therein). Central galaxies in massive halos are
expected to become passive systems roughly at the epoch
when the halo reached the mass of 1012h−1M⊙, thus the
term halo mass quenching.

The right panel of Figure 7 shows the stellar conversion
efficiency for the corresponding stellar mass growth histo-
ries of the halo progenitors discussed above. The range of
the transition stellar mass Mtrans(z), defined as the stellar
mass at which the fraction of star forming is equal to the
fraction of quenched galaxies (see Figure 1 and Section 7),
is shown by the dashed lines. Below these lines galaxies are
more likely to be star forming. Note that the right panel of
Figure 7 shows that Mtrans(z) roughly coincides with where
η is maximum, especially at low z. This reflects the fact that
halo mass quenching is part of the physical mechanisms that
quench galaxies in massive halos. We will come back to this
point in Section 8.2.

Finally, Figure 8 shows the trajectories for the M∗/Mvir

ratios of progenitors of dark matter halos with masses be-
tween Mvir = 1011M⊙ and Mvir = 1015M⊙ at z = 0. Note
that all galaxies in halos above Mvir = 1012M⊙ had a max-
imum followed by a decline of their M∗/Mvir ratio.

6.2 Galaxy Growth and Star-Formation Histories

Figure 9 shows the predicted star formation histories for
progenitors of average dark matter halos at z = 0 with
masses between Mvir = 1011M⊙ and Mvir = 1015M⊙. Panel
a) shows the resulting 3D surface for the redshift evolution
of the stellar-to-halo mass relation for progenitors of dark
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to the SFRs implied by our model. The filled circles with error bars show the observed data as described in the text, see Section 2.
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model while the shaded areas show the 1σ confidence intervals
using the our set of MCMC models. The filled circles show the
observations we utilize to constrain our model.
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lines in both panels show the cosmic baryon fraction im-
plied by the Planck Collaboration et al. (2016) cosmology,
fb = ΩB/ΩM ≈ 0.16.

Next we study the integral stellar conversion efficiency,
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7 for progenitors at z = 0 of dark matter halos with masses
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ciency at which the virial shocks can heat the gas increases
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galaxies the gas can be kept from cooling by the feedback
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and references therein). Central galaxies in massive halos are
expected to become passive systems roughly at the epoch
when the halo reached the mass of 1012h−1M⊙, thus the
term halo mass quenching.

The right panel of Figure 7 shows the stellar conversion
efficiency for the corresponding stellar mass growth histo-
ries of the halo progenitors discussed above. The range of
the transition stellar mass Mtrans(z), defined as the stellar
mass at which the fraction of star forming is equal to the
fraction of quenched galaxies (see Figure 1 and Section 7),
is shown by the dashed lines. Below these lines galaxies are
more likely to be star forming. Note that the right panel of
Figure 7 shows that Mtrans(z) roughly coincides with where
η is maximum, especially at low z. This reflects the fact that
halo mass quenching is part of the physical mechanisms that
quench galaxies in massive halos. We will come back to this
point in Section 8.2.

Finally, Figure 8 shows the trajectories for the M∗/Mvir

ratios of progenitors of dark matter halos with masses be-
tween Mvir = 1011M⊙ and Mvir = 1015M⊙ at z = 0. Note
that all galaxies in halos above Mvir = 1012M⊙ had a max-
imum followed by a decline of their M∗/Mvir ratio.

6.2 Galaxy Growth and Star-Formation Histories

Figure 9 shows the predicted star formation histories for
progenitors of average dark matter halos at z = 0 with
masses between Mvir = 1011M⊙ and Mvir = 1015M⊙. Panel
a) shows the resulting 3D surface for the redshift evolution
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The integral stellar conversion η = f✷/fb, where f✷ = M✷/Mvir and  fb = ΩB/ΩM

The star formation rate (SFR) as a function of redshift and (left panel) Mvir and (right panel) M✷
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This figure shows that quenching is correlated with sSFR/sSMR = thalo/t✷, since sSFR/sSMR and quenching curves are nearly parallel.  sSFR/sSMR  
- first rises, reaching a peak ~2 at z ~ 3 for 1013 halos, a peak ~7 for 1012 halos at z~1.5, and 1011 halos are still at peak sSFR/sSMR ~ 10   
- then declines along all Mvir and M* progenitor tracks toward z=0.

This figure shows that the SHARC approximation is rather well satisfied until quenching, the SHARC ratio RSHARC = (SFR / MAR) / (dMvir/dlog M*) 
having a value of about 1 to 2 along the progenitor trajectories, and then dropping after quenching.  This shows quenching is correlated with RSHARC :
 

-  the fraction of quenched galaxies is ~ 50% when RSHARC ~ 1 to 1.5, and the quenched fraction is > 75% when RSHARC drops to ~1  
- like sSFR/sSMR, RSHARC first rises along all progenitor curves, reaches a peak at higher z for higher mass (Mvir or M*), and then declines 
- unlike sSFR/sSMR, the peak SHARC ratio is nearly constant between 1.5 and 2 (the SHARC ratio peaks at about 2 for both 1011.5 halos at z ~ 0.5 and 

1015 halos at z ~ 3, and at about 1.5 for intermediate mass halos).   
Note: the SHARC formula is SFR = (dM✷/dMvir) MAR where MAR = dMvir/dt.  Define RSHARC = (SFR / MAR) / (dM✷/dMvir), so SHARC ==>  RSHARC = 1.
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Figure 16. Circularized effective radius for blue star-forming galaxies, left panel, and red quiescent galaxies, right panel. The filled
circles show the circularized effective radius as function of redshift from van der Wel et al. (2014) based on multiwavelength photometry
from the 3D-HST survey and HST/WFC3 imaging from CANDELS. Solid lines show the redshift dependence for blue and red galaxies
of the local relation by Mosleh, Williams & Franx (2013) based on the MPA-JHU SDSS DR7. We utilize the above redshift dependences
as an input to derive average galaxy’s radial mass distribution as a function of stellar mass by assuming that blue/star-forming galaxies
have a Sèrsic index n = 1 while red/quenched galaxies have a Sèrsic index n = 4 (see text for details).

Figure 17. Average, evolution of the radial distribution of stellar mass for galaxies in halo progenitors at z = 0 with Mvir =
1011, 1011.5, 1012, 1013, 1014 and 1015M⊙. These radial distributions can be imagined as stacking all the density profiles of galaxies
at a given z, no matter whether galaxies are spheroids or disks or a combination of both.

the effective radius Reff ,
7 both at z = 0 and at higher red-

shifts (see e.g., Bell et al. 2012; Patel et al. 2013; van der
Wel et al. 2012). For a Sèrsic law r1/n, the Sèrsic index n is a
parameter that controls the slope of the curvature for the ra-
dial distribution of light/mass. Observational results based
on the SDSS have shown that when fitting the global light
distribution to a Sèrsic law r1/n most of the galaxies have in-
dices n between 0.5 and 8 (see e.g., Simard et al. 2011; Meert,

7 The effective radius is defined as the radius that encloses half
the luminosity or stellar mass of the galaxy.

Vikram & Bernardi 2015). However, when dividing galaxies
into two main clases – e.g., as early- and late-types – the
radial distribution of the light/mass is fairly well described
with n = 4 (de Vaucouleurs 1948) and n = 1 respectively.
In this section, we will assume for simplicity that all late-
type galaxies are blue/star-forming systems with a Sèrsic
index n = 1 while all early-type morphologies correspond to
red/quiescent galaxies with Sèrsic index n = 4. Hereafter, we
will use these galaxy classifications interchangeably. While
this is an oversimplification of a more complex reality, for
our purpose it is accurate enough since the relatively small
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Figure 17. Average evolution of the radial 
distribution of stellar mass for galaxies in 
halo progenitors at z = 0 with Mvir = 
1011,1011.5,1012,1013, 1014 and 1015M⊙. 
These radial distributions can be imagined 
as stacking all the density profiles of 
galaxies at a given z, no matter whether 
galaxies are spheroids or disks or a 
combination of both. 
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Figure 16. Circularized effective radius for blue star-forming galaxies and red quiescent galaxies for six different redshift bins. The
filled circles show the circularized effective radius as a function of stellar mass and redshift from van der Wel et al. (2014) based on
multiwavelength photometry from the 3D-HST survey and HST/WFC3 imaging from CANDELS. Solid lines show the redshift dependence
for blue and red galaxies of the local relation by Mosleh, Williams & Franx (2013) based on the MPA-JHU SDSS DR7. The black solid
lines show the average circularized effective radius as a function of stellar mass. The crosses show the effective radius at M50, i.e., the
stellar mass at which the observed star-forming fraction of galaxies is equal to the quenched fraction of galaxies. Note that the effective
radius at M50 evolves very little with redshift and is ∼ 3 kpc. We utilize the plotted redshift dependences as an input to derive the
average galaxy’s radial mass distribution as a function of stellar mass by assuming that blue/star-forming galaxies have a Sèrsic index
n = 1 while red/quenched galaxies have a Sèrsic index n = 4 (see text for details).

Figure 17. Average evolution of the radial distribution of stellar mass for galaxies in halo progenitors with Mvir = 1011, 1011.5, 1012, 1013,
1014 and 1015M⊙at z = 0. These radial distributions can be imagined as stacking all the density profiles of galaxies at a given virial
mass and z, no matter whether galaxies are spheroids or disks or a combination of both.
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Figure 16. Circularized effective radius for blue star-
forming galaxies and red quiescent galaxies for six 
different redshift bins. The filled circles show the 
circularized effective radius as a function of stellar mass 
and redshift from van der Wel et al. (2014) based on 
multiwavelength photometry from the 3D-HST survey 
and HST/WFC3 imaging from CANDELS. Solid lines 
show the redshift dependence for blue and red galaxies 
of the local relation by Mosleh, Williams & Franx 
(2013) based on the MPA-JHU SDSS DR7. The black 
solid lines show the average circularized effective 
radius as a function of stellar mass. The crosses show 
the effective radius at M50, i.e., the stellar mass at 
which the observed star-forming fraction of galaxies is 
equal to the quenched fraction of galaxies. Note that the 
effective radius at M50 evolves very little with redshift 
and is ∼ 3 kpc. We utilize the plotted redshift 
dependences as an input to derive the average galaxy’s 
radial mass distribution as a function of stellar mass by 
assuming that blue/star-forming galaxies have a Sersic 
index n = 1 while red/quenched galaxies have a Sersic 
index n = 4. 



Constraining the Galaxy Halo Connection: Star Formation Histories, Galaxy Mergers, and Structural 
Properties, by Aldo Rodriguez-Puebla, Joel Primack, Vladimir Avila-Reese, and Sandra Faber

This figure (and the left panel below) shows that ∑1 reaching a maximum correlates with quenching:
- ∑1  rises steadily toward z = 0 along all progenitor tracks
- ∑1  at the quenching transition rises steadily with Mvir and reaches its maximum at lower redshifts for lower Mvir — “quenching downsizing” 
- The fact that the progenitor tracks are parallel to the trajectory curves shows that ∑1 remains constant after it reaches its maximum

The right panel shows that Reff steadily rises along halo trajectories, and quenching typically occurs when Reff ≈ 3 kpc.   Although ∑1 is flat 
after quenching, the middle panel shows that ∑eff declines after quenching as Reff increases. 
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Figure 13. Left Panel: Instantaneous fraction of mass that formed ex-situ and was accreted by galaxy mergers as a function of the
halo mass at redshift z = 0. Right Panel: Cumulative fraction of mass that formed ex-situ and accreted through galaxy mergers. Note
that 20% of the final mass in host galaxies of halos with Mvir(0) = 1× 1015 was accreted by galaxy mergers.

Figure 14. Left Panel: Galaxy major merger rate for galaxies with masses above 1× 1010M∗. Solid lines show the predictions based
on our new SHMR while the different symbols show observational estimates from Conselice et al. (2003); Conselice, Rajgor & Myers
(2008); Conselice, Yang & Bluck (2009); López-Sanjuan et al. (2009) and López-Sanjuan et al. (2010) based on galaxy asymmetries while
Bundy et al. (2009) gives the merger rate fraction from galaxy pairs. Right Panel: Similarly above but for galaxies with masses above
1× 1010.8M∗. Symbols are fromBluck et al. (2009) using galaxy asymmetries, López-Sanjuan et al. (2012); Man et al. (2012); Man, Zirm
& Toft (2016) and Williams, Quadri & Franx (2011) based on galaxy pairs.

into account the “true” time that it would take to the host
satellite to merge with the central galaxy. Therefore, when
comparing our predicted merger rate with observations one
should keep in mind that these results could represent an
upper limit to the true merger rates of galaxies. Neverthe-
less, as shown by Wetzel & White (2010) the disruption of
subhalos occurs mainly in the inner regions of the halo where
the tidal forces are strongest, while only a small fraction are
disrupted at larger radii.

We calculate galaxy mergers by convolving subhalo dis-
ruption rates with the evolution of the SHMRs:

dRm

d log µ∗

(µ∗|Mvir, z) =

!

P (µ∗|Mpeak, z)×

dRm

d log µpeak
(µpeak|Mvir, z)× d log µpeak, (56)

where dRm/d log µpeak is the disruption rate per host halo
per logarithmic interval in subhalo peak mass to primary
halo mass and per unit of redshift. We use the fitted rela-
tion from Behroozi, Wechsler & Conroy (2013b). The distri-
bution P (µ∗|Mpeak, z) is given by Equation 10 where µ∗ is
the observed satellite-to-central galaxy stellar mass ratio in a
halo of mass Mvir. Note that the above distribution includes
uncertainties due to random errors from stellar masses in
addition to the intrinsic scatter of the SHMR.

Figure 14 shows the galaxy major merger rates calcu-
lated using our SHMRs and compared to observations. In
order to compare directly to our model predictions, we com-
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Figure 14. Left Panel: Galaxy major 
merger rate for galaxies with masses above 
1 × 1010M∗. Solid lines show the 
predictions based on our new SHMR while 
the different symbols show observational 
estimates from Conselice et al. (2003); 
Conselice, Rajgor & Myers (2008); 
Conselice, Yang & Bluck (2009); L ́opez-
Sanjuan et al. (2009) and Lopez-Sanjuan et 
al. (2010) based on galaxy asymmetries 
while Bundy et al. (2009) gives the merger 
rate fraction from galaxy pairs. Right 
Panel: Similarly above but for galaxies 
with masses above 1×1010.8M∗. Symbols 
are fromBluck et al. (2009) using galaxy 
asymmetries, Lopez-Sanjuan et al. (2012); 
Man et al. (2012); Man, Zirm & Toft 
(2016) and Williams, Quadri & Franx 
(2011) based on galaxy pairs. 

Figure 13. Left Panel: Instantaneous fraction of mass that formed ex-situ and was accreted by galaxy mergers as a function of the halo mass at redshift z = 0. 
Right Panel: Cumulative fraction of mass that formed ex-situ and accreted through galaxy mergers. Note that 40% of the final mass in host galaxies of halos with 
Mvir(0) = 1 × 1015 was accreted by galaxy mergers. 
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Figure 19. Left Panel: Trajectories for progenitors of halos with Mvir = 1011, 1011.5, 1012, 1013, 1014 and 1015M⊙ at z = 0 in the
Σ1−sSFR plane. Right Panel: Same progenitors but in the M∗−sSFR plane. The symbols show different redshifts as indicated by the
labels. The dashed curves show the transition below which half the galaxies are quiescent, and the upper (lower) dot-dashed curves show
where 25% (75%) of the galaxies are quenched.

dex at the same redshift range. van Dokkum et al. (2014)
reported similar trends based on the analysis of galaxy sizes
from the SDSS, Ultra VISTA and 3D-HST survey. The au-
thors considered three different scenarios: i) mass loss due to
core-core mergers, ii) mass loss due to stellar evolution, and
iii) adiabatic expansion due to stellar winds (also consid-
ered in Damjanov et al. 2009, and referred as the less likely
scenario for the mass-size relation). Unfortunately, our anal-
ysis is not detailed enough to decide for one over the other.
Nonetheless, given the subtlety of this effect we suspect that
mass loss due to stellar evolution (and the associated stellar
winds) is the most likely explanation, although more work
is needed on this.

The upper left panel in Figure 20 shows the trajectories
for the halo progenitors discussed above in the size-mass re-
lation. Note first that star-forming galaxies evolved in par-
allel tracks in the size-mass relation. The second thing to
note is that the progenitors at z = 0 of quenched galaxies
evolved along two very different trajectories. When star for-
mation was the dominant mode of evolution for progenitors
of quenched galaxies at z = 0, they evolved in a trajecto-
ries with a slope of ∼ 0.35. This situation changed dramat-
ically when star formation was suppressed: the slope of the
trajectory in the size-mass relation now became ∼ 2.5, im-
plying that the most massive galaxies increased their size
by a factor of ∼ 3 after they quenched. One of the most
popular explanations for this upturn in the size-mass rela-
tion is dry minor mergers. Indeed, Hilz, Naab & Ostriker
(2013) showed that dry minor mergers of diffuse satellites
embedded in dark matter halos produced slopes ∼ 2 consis-
tent with our findings. In order to investigate this further,
we present the merger rate history for the progenitors dis-
cussed above in the bottom panels of Figure 20. The left
panel plots the merger rate histories from minor mergers,

µ∗ ! 1/4, while the right panel is the same but from major
mergers, µ∗ " 1/4. Note finally that at all times galaxies
are, on average, growing inside-out.

Similarly to Figure 13, Figure 20 shows that the merger
rate history is dominated by minor mergers. Moreover, in the
case of the most massive halos we do observe an upturn in
the merger rate approximately at the same epoch when the
upturn in the size-mass relation happened due to quenching.
Therefore, we conclude that our semi-empirical results are
not in conflict with the minor merger hypothesis.

The next thing to note, and perhaps the most surpris-
ing, is the fact that galaxies with sizes above Reff ∼ 3 kpc
are more likely to be quenched, as can be seen by the dashed
lines in the upper panel of Figure 20 (and also in Panel f) of
Figure 23). Recall that the dashed lines mark the transition
above/below which galaxies are likely to be quench/star-
forming. We believe that the above result does not indi-
cate something fundamental on how galaxies quench, but is
just a coincidence. As we will discuss in Section 8.3, similar
trajectories in the size-mass relation have been reported in
previous studies (e.g., Patel et al. 2013; van Dokkum et al.
2013). Our findings are not in conflict with those previous
empirical results.

8 DISCUSSION

The semi-empirical inferences of galaxy mass and structural
evolution presented here refer to the average behaviour of
the whole galaxy population as a function of halo or stellar
mass at z = 0. While this is clearly an oversimplification, our
results provide relevant clues to constrain the main processes
of galaxy evolution and their dependence on galaxy mass.

c⃝ 20?? RAS, MNRAS 000, 1–??

Figure 19. Left Panel: Trajectories for progenitors of halos with Mvir = 1011,1011.5,1012,1013,1014 and 1015M⊙ at z = 0 in the 
Σ1−sSFR plane. Right Panel: Same progenitors but in the M∗−sSFR plane. The symbols show different redshifts as indicated by the 
labels. The dashed curves show M50(z) below which half the galaxies are quiescent, and the upper (lower) dot-dashed curves show 
where 25% (75%) of the galaxies are quenched. 

There is a tight correlation between the sSFR and Σ1, in other words, Σ1 is an indicator of the global SFR of the galaxy. 
Once a galaxy reaches a maximum Σ1, the SFR is suppressed.  The left panel of Figure 19 shows some hints of negative 
stellar mass evolution within 1 kpc for halos Mvir = 1014  M⊙ and 1015  M⊙ . van Dokkum et al. (2014) reported similar trends 
based on the analysis of galaxy sizes from the SDSS, Ultra VISTA and 3D-HST surveys. 



24

Figure 20. Trajectories for progenitors of halos with Mvir = 1011, 1011.5, 1012, 1013, 1014 and 1015M⊙ at z = 0 in the size-mass relation
(upper left panel) and for the minor (bottom left) and major (bottom right) merger rates. As in Figure 19, the symbols show different
redshifts as indicated by the labels. The dashed lines show the transition below which most galaxies are quiescent, and the upper (lower)
dot-dashed curves show where 25% (75%) of the galaxies are quenched. Progenitors of quenched galaxies went through two phases,
initially they grew in parallel trajectories as star formers in the size-mass relation, but after quenching they evolved much faster in size
than in mass, resulting in a steeper relation at low z. Presumably the high rate of minor mergers is responsible for this rapid size growth.

We now discuss some implications and interpretations of our
results.

8.1 Comparison with Previous Studies

In this section we compare to previous works that derived
the SHMR at different redshifts. We divide our discussion
into two main comparisons: those studies that reported stel-
lar mass as function of halo mass, SHMR, and those that
have estimated the inverse of this relation, Mvir −M∗. The
former is typically reported in studies based on statistical
approaches, namely indirect methods, as in our case, while
the latter is more natural for studies based on direct deter-
minations (e.g., weak gravitational lensing). All results were
adjusted to a Hubble parameter of h = 0.678 and to virial
halo masses. When required, we adjusted stellar masses to
a Chabrier IMF.

8.1.1 Stellar-to-halo mass relationship

We begin by comparing mean stellar masses as a function
of virial mass, i.e., the SHMR. This is shown in Figure 21
for seven different redshift bins. Our resulting SHMRs are
shown with the solid black lines. The grey areas in the upper
panels show the standard deviations from the set of 3× 105

MCMC models described in Section 5 – in other words, they
represent the 1σ confidence level of our inferences. System-
atic errors are usually of the order of ∼ 0.25 dex and may
increases with redshift.

In Figure 21 we compare our results with those reported
in Guo et al. (2010, constrained only at z ∼ 0.1, violet
solid line), Behroozi, Wechsler & Conroy (2013b, blue solid
lines) and Moster, Naab & White (2013, red solid lines).
These authors used subhalo abundance matching to derive
the SHMRs. Guo et al. (2010) and Moster, Naab & White
(2013) used only the GSMF as a constraint, while Behroozi,
Wechsler & Conroy (2013b) included the observed specific
SFRs and the CSFR for constraining the best fit parame-
ters in their model. The filled circles with error bars show
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Change in slope in Reff - M✷ 
diagram after quenching, 
consistent with uptick in
minor merger rate and galaxy 
merger simulations
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ABSTRACT

We present new determinations of the stellar-to-halo mass relation (SHMR) at
z = 0−10 that match the evolution of the galaxy stellar mass function, the SFR−M∗

relation, and the cosmic star formation rate. We utilize a compilation of 40 obser-
vational studies from the literature and correct them for potential biases. Using our
robust determinations of halo mass assembly and the SHMR, we infer star forma-
tion histories, merger rates, and structural properties for average galaxies, combining
star-forming and quenched galaxies. Our main findings: (1) The halo mass M50 above
which 50% of galaxies are quenched coincides with sSFR/sMAR ∼ 1, where sMAR
is the specific halo mass accretion rate. (2) M50 increases with redshift, presumably
due to cold streams being more efficient at high redshift while virial shocks and AGN
feedback become more relevant at lower redshifts. (3) The ratio sSFR/sMAR has a
peak value, which occurs around Mvir ∼ 2 × 1011M⊙. (4) The stellar mass density
within 1 kpc, Σ1, is a good indicator of the galactic global sSFR. (5) Galaxies are
statistically quenched after they reach a maximum in Σ1, consistent with theoretical
expectations of the gas compaction model; this maximum depends on redshift. (6) In-
situ star formation is responsible for most galactic stellar mass growth, especially for
lower-mass galaxies. (7) Galaxies grow inside out. The marked change in the slope of
the size–mass relation when galaxies became quenched, from d logReff/d logM∗ ∼ 0.35
to ∼ 2.5, could be the result of dry minor mergers.
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1 INTRODUCTION

There has been remarkable recent progress in assembling
large galaxy samples from multiwavelength sky surveys.
Moreover, these advances are not just for observations of
local galaxies but also for very distant galaxies, resulting
in reliable samples which contain hundreds of thousands of
galaxies at z ∼ 0.1, tens of thousands between z ∼ 0.2 − 4,
hundreds of galaxies between z ∼ 6 − 8 and a few tens of
galaxies confirmed as distant as z ∼ 9−10.1 Thus, statistical

⋆ rodriguez.puebla@gmail.com
1 These achievements are all the more impressive when one real-
izes that the Universe was only ∼ 500 Myrs old at z = 10.

analyses of the properties of the galaxies are now possible
with unprecedented detail including robust determinations
of the luminosity functions (LF) over a very wide redshift
range.

In parallel, substantial progress has been made on stel-
lar population synthesis (SPS) modelling (for a recent re-
view, see Conroy 2013), allowing the determination of phys-
ical parameters that are key to studying galaxy evolution,
including galaxy stellar masses and star formation rates
(SFRs).2 Thus, we are in a era in which determinations of

2 Also empirically motivated diagnostics of galaxy SFR have been
improved in the last few years; for a recent review, see Kennicutt
& Evans (2012).
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