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Abstract

In this work, we use measurements of galaxy stellar mass and two-point angular correlation functions to constrain
the stellar-to-halo mass ratios (SHMRs) of passive and star-forming galaxies at z∼2–3, as identified in the Spitzer
Matching Survey of the UltraVISTA ultra-deep Stripes. We adopt a sophisticated halo modeling approach to
statistically divide our two populations into central and satellite galaxies. For central galaxies, we find that the
normalization of the SHMR is greater for our passive population. Through the modeling of Λ cold dark matter halo
mass accretion histories, we show that this can only arise if the conversion of baryons into stars was more efficient
at higher redshifts and additionally that passive galaxies can be plausibly explained as residing in halos with the
highest formation redshifts (i.e., those with the lowest accretion rates) at a given halo mass. At a fixed stellar mass,
satellite galaxies occupy host halos with a greater mass than central galaxies, and we find further that the fraction of
passive galaxies that are satellites is higher than for the combined population. This, and our derived satellite
quenching timescales, combined with earlier estimates from the literature, support dynamical/environmental
mechanisms as the dominant process for satellite quenching at z3.

Key words: galaxies: evolution – galaxies: formation – galaxies: high-redshift – large-scale structure of universe –
methods: statistical

1. Introduction

One of the most striking properties of the galaxy population
at z=0 is its distinct optical color bi-modality (e.g., Strateva
et al. 2001; Baldry et al. 2004). Broadly speaking, galaxies are
either blue or red, commonly interpreted as star-forming or
passively evolving (meaning the current ongoing star formation
is significantly lower than the past average), respectively, with
a transitional “green” valley (e.g., Schawinski et al. 2014) in
between. This bi-modality is observed to be in place until at
least z∼1 (e.g., Bell et al. 2004) and possibly persists at
higher redshifts (e.g., Cirasuolo et al. 2007). Although, the
competing effect of dust obscuration becoming increasingly
important at higher redshifts makes the interpretation of the
optical color less clear (e.g., Stern et al. 2006).

The relative importance of various physical processes
through which this bi-modality emerges is not immediately
clear. However, over the last few years, a broad paradigm of
two main channels for quenching star formation has emerged.
These can be summarized as “mass” (sometimes referred to as
“intrinsic”) and “environment” quenching and have been
plausibly shown to explain the observed Schechter function
shape of the local galaxy stellar mass function (Peng et al.
2010). We discuss these two main channels in greater detail in
the following two paragraphs.

For mass/intrinsic quenching, some early galaxy formation
models produced a distinct red sequence through the incorpora-
tion of radio-mode active galactic nucleus (AGN) feedback (e.g.,
Bower et al. 2006; Croton et al. 2006) where star formation is
suppressed in relatively high-mass halos (1012Me) in which
gas in the hot halo is undergoing quasi-static cooling. However,
the bi-modality in the model of Menci et al. (2005) was

produced by the mass assembly history of dark matter halos, as
their model did not include a prescription for AGN feedback. It
should also be noted that while physical models can produce a
distinct red sequence, they often struggle to precisely reproduce
the observed distribution of g−r color locally (e.g., Trayford
et al. 2015; Lacey et al. 2016).
It is also accepted that environmental effects acting

dynamically on satellite galaxies orbiting within the virial
radius of a host halo also play a role in producing a population
of passive galaxies. These environmental mechanisms include
ram pressure stripping of a galaxy’s hot gas reservoir as it
enters that of a larger host halo, strangulation as gas no longer
cools onto the satellite galaxy and harassment, tidal interactions
between other nearby galaxies (e.g., van den Bosch et al.
2008). Though, as we will discuss later, outflows from
supernovae in the satellite may also be important (McGee
et al. 2014).
In this work, we use a halo occupation formalism (e.g.,

Zheng et al. 2005) to investigate the differences between
passive and star-forming galaxies at z=2–3 as identified in the
Spitzer Matching survey of the UltraVISTA ultra-deep Stripes
(SMUVS; Ashby et al. 2018; Deshmukh et al. 2018, see also
Caputi et al. 2017). This halo formalism provides a statistical
framework that describes the expected mean number of
galaxies occupying host halos of a given mass. More
specifically, we use a halo model similar to that introduced
by Leauthaud et al. (2011; see also Tinker et al. 2013), which
begins with a parameterization of the stellar-to-halo mass ratio
(SHMR) for central galaxies, a function that specifies the mean
stellar mass of a central galaxy as a function of halo mass. The
free parameters in this model are then calibrated using the
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observed galaxy stellar mass and two-point angular correlation
functions. Although this is a statistical model that lacks a direct
physical interpretation, it provides us with a means to
investigate the link between stellar and halo mass for passive
and star-forming galaxies (divided into central and satellite
galaxies). As such, the model’s predictions can then be
understood in the context of the potential physical processes
involved.

We restrict our analysis to z=2–3 as the SMUVS
photometry is optimized for z2 galaxies (Deshmukh et al.
2018). At higher redshifts (z3), the number of passive
galaxies is insufficient to robustly measure the angular two-
point correlation function for this population, which is a key
constraint on our model. We thus extend similar analyses that
have been performed at lower redshifts using a combination of
galaxy–galaxy lensing, galaxy two-point correlation functions,
stellar mass functions and halo model analyses (e.g.,
Mandelbaum et al. 2006; van Uitert et al. 2011; Tinker et al.
2013; Rodríguez-Puebla et al. 2015). These earlier works
generally find that local (z∼0) differences in the SHMR
between passive and star-forming galaxies are generally small,
with blue/star-forming galaxies having an SHMR a factor of
∼2 higher than red/passive galaxies (e.g., Rodríguez-Puebla
et al. 2015). However, this difference diminishes toward higher
redshift and actually inverts such that at a fixed stellar mass,
star-forming galaxies are in more massive halos by z∼1 (e.g.,
Tinker et al. 2013), particularly for galaxies with high stellar
masses (1010.5Me).

Throughout this work, we assume a flat Λ cold dark matter
(CDM) cosmological model with (Ωm, Ωb, ΩΛ, h, σ8,
ns)=(0.3, 0.04, 0.7, 0.8, 0.95). This paper is structured as
follows: in Section 2, we summarize the main details of the
SMUVS survey, describe the data used and the determination
of our observational constraints, the galaxy stellar mass, and
angular two-point correlation functions. In Section 3, we
describe our halo occupation model, and we present our main
results in Section 4. We summarize and conclude in Section 5.
Some further information regarding our model fitting is given
in the Appendix.

2. The Data

2.1. The SMUVS Survey

The SMUVS program (PI: K. Caputi; Ashby et al. 2018) has
collected ultra-deep Spitzer 3.6 and 4.5 μm data within the
COSMOS6 field (Scoville et al. 2007) covering three of the
UltraVISTA ultra-deep stripes (McCracken et al. 2012) with
deep optical coverage from the Subaru Telescope (Taniguchi
et al. 2007). The UltraVISTA data considered here correspond
to the third data release,7 which reaches an average depth of Ks

= 24.9± 0.1 and H = 25.1± 0.1 (2 arcsec diameter, 5σ).
A thorough description of the SMUVS multiwavelength

source catalog construction and spectral energy distribution
(SED) fitting is given in Deshmukh et al. (2018); however, we
summarize the main details here.

Sources are extracted from the UltraVISTA HKs average
stack mosaics using SEXTRACTOR (Bertin & Arnouts 1996).
The positions of these sources are then used as priors to
perform iterative point-spread function fitting photometric

measurements on the SMUVS 3.6 and 4.5 μm mosaics, using
the DAOPHOT package (Stetson 1987).
For all of these sources, 2arcsec diameter circular photo-

metry on 26 broad, intermediate, and narrow bands (U to Ks) is
measured (Deshmukh et al. 2018). After cleaning for Galactic
stars using a B–J–[3.6] color selection (e.g., Caputi et al. 2011),
and masking regions of contaminated light around the brightest
sources, the final catalog contains ∼2.9×105 UltraVISTA
sources with a detection in at least one IRAC band over an area
of ∼0.66 square degrees.
The SED fitting is performed with all 28 bands (26 U

through Ks as well as Spitzer 3.6 and 4.5 μm) using the
template-fitting code LEPHARE8 (Arnouts et al. 1999; Ilbert
et al. 2006). We assume Bruzual & Charlot (2003) templates
corresponding to a simple stellar population formed with a
Chabrier (2003) stellar initial mass function and either solar or
sub-solar (1 Ze or 0.2 Ze) metallicity, and allow for the
addition of nebular emission lines. Additionally, we assume
exponentially declining star formation histories.
Photometric redshifts and stellar mass estimates are obtained

for >99% of our sources. Using ancillary spectroscopic data in
COSMOS to assess the quality of the obtained photometric
redshifts, we found that the standard deviation, σz, of

- +∣ ∣ ( )z z z1phot spec spec , based on ∼1.4×104 galaxies with
reliable spectroscopic redshifts in the COSMOS field (see
Table 1 in Ilbert et al. 2013 and references therein) is 0.026
(Deshmukh et al. 2018) and is 0.035 for the z∼2–3
population. This statistic is computed excluding outliers,
defined as objects for which - + >∣ ∣ ( )z z z1 0.15phot spec spec ,
which comprise only ∼5.5% of the whole spectroscopic
catalog. These results compare favorably with other photo-
metric surveys in the literature (e.g., Ilbert et al. 2013; Laigle
et al. 2016) and highlight the high accuracy of our derived
photometric redshifts. For our parent sample of z∼2–3
galaxies, we find σz=0.035.
Throughout this paper, we use the best-fit redshifts and

stellar masses computed by LEPHARE. We also limit ourselves
to  >( )M Mlog 9.8 to ensure a high level of completeness
for both our passive and star-forming galaxies. Our combined
(i.e., passive + star-forming) galaxy population is 95%
complete for  >( )M Mlog 9.6 at z∼2–3 (Deshmukh
et al. 2018). This stellar mass cut leaves us with ∼103 passive
and ∼6.8×103 star-forming galaxies with 2<z<3.

2.2. Definition of Passive Galaxies

Passive galaxies, i.e., those for which the current star
formation is negligible relative to their past average, are defined
using the criteria of Deshmukh et al. (2018). A galaxy is
defined as passive if: (i) it has a color excess E(B−V )�0.1
(indicating that interstellar dust has little impact on the SED) as
computed by LEPHARE; and (ii) it has a rest-frame color
u−r�1.3, i.e., is “red”. The use of the color cut in
conjunction with the SED extinction prevents dust-obscured
star formation from being the main cause of the red color. This
leaves an old stellar population with negligible ongoing star
formation as the most plausible explanation of the
galaxy’s SED.

6 http://cosmos.astro.caltech.edu
7 http://www.eso.org/sci/observing/phase3/data_releases/uvista_dr3.pdf 8 http://www.cfht.hawaii.edu/~arnouts/LEPHARE/lephare.html
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2.3. The Galaxy Stellar Mass Function

We compute the galaxy stellar mass functions for our passive
and star-forming populations using the 1/Vmax technique
(Schmidt 1968) as was done by Deshmukh et al. (2018). A
Vmax correction is computed for each galaxy based on the
maximum volume at which it would have a magnitude
[4.5 μm]=26 (or [3.6 μm]=26 in the case of a non-detection
at 4.5 μm). For fainter sources, no Vmax correction is applied. A
further completeness correction is applied to each galaxy based
on its 4.5 μm magnitude (or 3.6 μm in the case of a non-
detection at 4.5 μm) and the ratio of SMUVS number counts to
the completeness corrected number counts derived from the
Spitzer-CANDELS/COSMOS survey (Ashby et al. 2015) at
that magnitude.

The errors are derived by summing a Poisson noise term,
σPoi, an error associated with photometric uncertainties, σmc,
and a cosmic variance error, σcv, in quadrature. The Poisson
term, σPoi, is derived using the tabulated values of Gehrels
(1986). The photometric term, σmc, is derived by scattering the
photometry input to LEPHARE within its uncertainties for each
galaxy to create 100 realizations of the SMUVS catalog and
recomputing the stellar mass function for each; σmc is then
taken to be the 16–84th percentile of these mock catalog stellar
mass functions in each stellar mass bin. The cosmic variance
term is derived using the prescription of Moster et al. (2011).

Deshmukh et al. (2018, see their Figure 19) provides a
thorough comparison of 2<z<6 SMUVS-derived galaxy
stellar mass functions to earlier estimates in the literature.

2.4. The Two-point Angular Correlation Function

The two-point angular autocorrelation function, w(θ),
describes the excess probability, compared to a random
(Poisson) distribution, of finding a pair of galaxies at some
angular separation θ>0. It is defined such that

d h q d d= + W W¯ [ ( )] ( )P w1 , 12
12

2
1 2

where h̄ is the mean surface density of the population per unit
solid angle, θ, is the angular separation, and δΩi is a solid angle
element. Here, the angular correlation function is computed
according to the standard Landy & Szalay (1993) estimator

q
q q q

q
=

- +( ) ( ) ( ) ( )
( )

( )w
DD 2DR RR

RR
, 2

where DD, DR, and RR represent the number of data–data,
data–random, and random–random pairs in a bin of angular
separation, respectively.The random catalog is constructed to
have the same angular selection as the data by generating
random points over the survey area and discarding those that
fall within masked areas relating to, e.g., foreground stars. Due
to the high stellar mass completeness of our samples (95%)
we do not need to consider any variations in sensitivity/depth
across our survey. We use a single random catalog with
∼5×105 objects (∼50× greater than our largest galaxy
sample) throughout our analyses. The errors on the two-point
angular correlation function are estimated from the data using a
jackknife method (Norberg et al. 2009). We divide the SMUVS
footprint into 60 approximately equal area regions. Removing

one region at a time, we compute the covariance matrix as

å=
-

- ´ -
=

( ¯ ) ( ¯ ) ( )C
N

N
w w w w

1
, 3i j

l

N

i
l

i j
l

j,
1

where N is the total number of regions, w̄ is the mean correlation
function (å w Nl

l ), and wl is the estimate of w with the lth
region removed (i.e., computed from 59 of the 60 regions). We
compute w(θ) using eight evenly spaced logarithmic bins of
angular separation in the range q- < < -( )3 log deg 110 .

3. The Theoretical Model

The model used here is based on that presented by Tinker
et al. (2013), which in turn extends on that first presented by
Leauthaud et al. (2011). We begin by defining the mean stellar-
to-halo mass relation, fSHMR, for central galaxies. For this we
adopt

 e= = ´[ ( )] [ ( ) ] ( )f M M M Mlog log log 4SHMR h h h

where the SHMR, ε(Mh), is described by

e = +
b g- -⎡

⎣
⎢⎢
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥( ) ( )M

M

M

M

M
2 . 5h 0

h

c

h

c

1

That is, a double power law with a low-mass slope, β, and a
high-mass slope, −γ, normalized to ò0 at halo mass Mc (e.g.,
Yang et al. 2003; Moster et al. 2010). More complex forms for
this relation have been suggested in the literature (e.g.,
Behroozi et al. 2013); however, we find that a double power
law is sufficient for our purposes. We do not place any
constraint on fSHMR other than the requirement that it is
monotonic with halo mass such that it can be inverted, which in
practice mainly limits the possible values of γ. We allow for an
intrinsic Gaussian scatter from this relation,


s Mlog ,int

, of
0.16dex, which we assume is constant with respect to halo
mass (e.g., More et al. 2011). We also assume a measurement-
based Gaussian scatter of


s = ´ +( )z0.04 1Mlog ,meas

as
suggested by Ilbert et al. (2013), which is 0.13dex based on
a median redshift of z=2.3 for our  >( )M Mlog 9.8
galaxies. We thus use a total scatter of 

s =Mlog

 
s s+ »[ ] 0.2 dexM Mlog

2
log
2 1 2

,int ,meas
. For simplicity, we apply

this fixed value to both passive and star-forming galaxies.
At each halo mass, we assume that a fraction, fp, of our

central galaxies are passive. For this we assume a smooth
hyperbolic tan function

a= - +( ) [ ( [ ( ) ( )]) ]
( )

f M f M Mtanh log log 1 2,

6
p h max,p p h h,p

that transitions between having zero and a fraction of fmax,p

passive central galaxies, with a fraction of fmax,p/2 galaxies
quenched at Mh,p and the width of the transition being
controlled by αp. The choice of this functional form is
somewhat ad hoc and exponential functional forms have also
been used elsewhere in the literature(e.g., Tinker &
Wetzel 2010), though we find that implementing these here
have a minimal impact on our results.
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The halo occupation distribution (HOD) function of central
galaxies is described by




s
> = -

-⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥( ∣ ) ( )N M M

M f1

2
1 erf

log log

2
, 7

M
c h

SHMR

log

(Leauthaud et al. 2011). For passive central galaxies, this is
multiplied by fp(Mh) and by 1−fp(Mh) for star-forming
centrals.

The occupation of satellite galaxies is modeled as a power
law with an exponential cut-off,

> = -
a⎛

⎝⎜
⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟( ∣ ) ( )N M M

M

M

M

M
exp , 8s h

h

sat

cut

h

sat

(Leauthaud et al. 2011) where αsat is the power-law slope, and
the characteristic satellite halo mass, Msat, is described by

=
b-

 

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟ ( )M

M
B

f

M10 10
. 9sat

12 sat
SHMR

1

12

sat

Here, -fSHMR
1 is the inverse of Equation (4) and Bsat and βsat

describe the normalization and slope of the power law,
respectively. The parameter Mcut in Equation (8) is often
modeled in a similar fashion. However, for simplicity, here we
fix this parameter according to

= + ( )M Mlog 0.76 log 2.3, 10cut sat

following Conroy et al. (2006). Our combined HOD is the sum
of the central and satellite distributions, i.e.,

  > = > + >( ∣ ) ( ∣ ) ( ∣ ) ( )N M M N M M N M M . 11h c h s h

3.1. The Stellar Mass Function

From the HOD (Equation (11)), we can calculate the stellar
mass function Φ(Må,1, Må,2), i.e., the abundance of galaxies
with Må,1<Må<Må,2, using

   òF = > - >

´

¥
( ) [ ( ∣ ) ( ∣ )]

( )

M M N M M N M M

dn

dM
dM

,

,

12

,1 ,2
0

h ,1 h ,2

h
h

where dn/dMh is the halo mass function, from which we can
construct the total stellar mass function. This is then convolved
with a Gaussian with 

s s= Mlog to account for scatter before
comparing to our observational data.

3.2. The Two-point Angular Correlation Function and the
Effect of Photometric Redshift Errors

As a further constraint on our model, we use the measured
two-point angular correlation functions of passive and star-
forming galaxies selected by their stellar mass. Using the
angular correlation function, w(θ), rather than its spatial analog,
ξ(r), is a necessary consequence of our photometric redshifts,
which are not accurate enough to measure the galaxy
distribution in three dimensions. Therefore, a two-point spatial
correlation function, ξ(r), computed from an HOD, needs to be
projected along the line of sight into two dimensions for
comparison with our data.

First, we compute ξ(r) from our HOD assuming Navarro–
Frenk–White (Navarro et al. 1997) halo density profile, with
the concentration relation of Bullock et al. (2001).9 The halo
mass function used is the parameterization of Tinker et al.
(2008), with the high-redshift correction of Behroozi et al.
(2013), as well as the large-scale dark matter halo bias
parameterization of Tinker et al. (2010a). These Tinker et al.
relations adopt the definition of a halo as a spherical
overdensity of 200 relative to the mean cosmic density at the
epoch of interest (e.g., Lacey & Cole 1994; Tinker et al. 2008).
The matter power spectrum is computed according to

Eisenstein & Hu (1999) with the nonlinear correction of Smith
et al. (2003) applied. Additionally, we implement the two-halo
exclusion model of Tinker et al. (2005), which improves on
that presented in Zheng (2004).
For projecting our two-point spatial correlation functions, we

use the Limber (1953) equation,

ò ò

ò
q

x
=

c( )
( )

( )
( ) ( ) ( )

( ) ( )
( )w

n z W z dz r z du

n z W z dz

,
, 13

dV

dz

dz

d

dV

dz

gal
2

gal
2

c

where ngal is the number density of galaxies predicted by the
HOD, dV/dz is the comoving volume element, dz/dχc=
H0E(z)/c where E(z)=[Ωm(1+z)3+ΩΛ]

1/2, and χc corre-
sponds to the comoving radial distance to redshift z. The
comoving line-of-sight separation, u, is defined by =r

c v+[ ]u2
c
2 2 1 2 where v q= -[ ( )]2 1 cos2 .

The W(z) term in Equation (13) was introduced by Cowley
et al. (2018) and relates to the redshift window that is being
probed by the survey. If the redshifts were known precisely,
then (ignoring further complications such as redshift space
distortions) this would be a top-hat function equal to unity
between the limits of the redshift range probed and zero
elsewhere. However, with photometric redshifts, this is not the
case, and the top-hat window should be convolved with an
error kernel that is generally unknown a priori.
In order to mitigate this, here we assume a Gaussian error

kernel and approximate a (1+z) evolution in the error kernel
dispersion, Δz, such that

=
-

D +
-

-
D +

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥( )

( ) ( )
( )W z

z z

z

z z

z

1

2
erf

1
erf

1
. 14

z z

lo

lo

hi

hi

Here, zlo and zhi represent the lower and upper redshift limits of
the photometric redshift bin, respectively. While the integral in
Equation (13) is, in principle, over all redshift, it only has
significant contributions from redshifts where W(z) is appreci-
ably nonzero.
Once projected according to Equation (13), we account for

the integral constraint (e.g., Groth & Peebles 1977). This is the
correction required as the measured angular correlation
function will integrate to zero over the whole field, by
construction of the estimator for w(θ) used. This results in
the measured angular correlation function being underestimated
by an average amount

ò òs q=
W

W W( ) ( )w d d
1

, 15IC
2

2 true 1 2

9 Martinez-Manso et al. (2015) found that the predictions of halo models,
such as the one used here, are fairly insensitive to the adopted concentration
relation (see their Appendix D).
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where wtrue is the true angular correlation function and the
angular integrations are performed over a field of area Ω.

Here, we evaluate Equation (15) according to the numerical
method proposed by Roche & Eales (1999),

s
q q

q
= å

å
( ) ( )

( )
( )w RR

RR
. 16IC

2 true

We take wtrue to be the angular correlation function predicted
by our HOD model and subtract sIC

2 from it before comparing it
to our observed correlation functions, rather than subtract a
value from our observed correlation functions. We do this for
each evaluation of w(θ) in our fitting procedure, which is
described below. These corrections are typically ∼10−2.

3.3. Fitting

Our model has a total of 15 free parameters. Three of these
( fmax,p, αp, Mh,p) relate to fp(Mh) (Equation (6)). A further six
for each population (passive and star-forming) come from the
four fSHMR parameters (Equation (4)) (ò0, Mc, β, γ) and two for
satellite galaxies (Bsat, βsat). We fix αsat=1 (e.g., Kravtsov
et al. 2004),


s = 0.2Mlog as discussed above and Δz=0.035

(based on a comparison to our spectroscopic redshift sample)
for both populations. In the future, we expect to investigate
more complex models for Δz (e.g., a dependence on stellar
mass); however, we find that our data are unable to robustly
constrain these, so we have opted for the simplest model and
have fixed Δz to be constant here.

In our fitting, we calibrate our model parameters such that
we minimize the χ2, which we define as
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Here, the indices “p” and “sf” relate to our passive and star-
forming populations, l to bins of stellar mass, i and j to bins of
angular separation and k to stellar mass selections. The

superscripts “o” and “m” refer to observational data and
model prediction, respectively. The first line relates to our
stellar mass functions, the second to our two-point angular
correlation functions, and the third to the ratio of our stellar
mass functions.
We obtain good results only using the two-point correlation

function for  >( )M Mlog 9.8 and >10.6 populations as
constraints in our calibration.We have verified that including
additional mass bins results in negligible changes to the
resulting best-fit model, so we opt for a simpler model in that it
has fewer observational constraints. This choice also means
that the correlation (two-point) and stellar mass function (one-
point) data contribute roughly equal amounts to the overall χ2.
We thus have 59 constraining data points, which results in
59−15=44 degrees of freedom (Ndof).
We use the affine-invariant PYTHON implementation for

Markov chain Monte Carlo (MCMC), EMCEE (Foreman-
Mackey et al. 2013) in order to fit our model. We employ 60
walkers for 104 iterations after a burn-in phase of 2×103 and
test for convergence using the R̂ statistic (Gelman &
Rubin 1992). Our one-dimensional (1D) and two-dimensional
(2D) marginalized posterior distributions are shown in the
Appendix, along with our convergence tests. We assume flat
priors for each free parameter. The best-fit values are taken to
be the median of the posterior distribution, and the uncertain-
ties the 16–84th percentiles. These are summarized in Table 1
in the Appendix. Our best-fit model achieves a reduced χ2 of
χ2/Ndof∼1.9, indicating a reasonable fit to the data.

4. Results

In this section, we present our main results. The performance
of the best-fit model with respect to the calibration data (the
observed stellar mass functions, their ratio, and the angular
two-point correlation functions) is shown in Section 4.1. In
Section 4.2, we investigate the resulting SHMRs for central
galaxies (see Equation (5)) and perform some further modeling
of these with ΛCDM halo mass accretion histories. Satellite
galaxies are explored in Section 4.3.

4.1. The Best-fit Model

In Figure 1, we show the observed galaxy stellar mass
functions for our passive and star-forming populations, as well

Figure 1. The stellar mass functions for SMUVS galaxies for 2<z<3 shown as points with (1σ) error bars for passive (left panel) and star-forming (middle panel)
galaxies. The ratio of the stellar mass functions of the two populations is shown in the right panel. Our best-fit model is shown as the solid line with the 16–84th
percentiles derived from our MCMC chains shown as the shaded region. The dashed line indicates the contribution to the stellar mass function from satellite galaxies,
with the accompanying shaded region representing the 16–84th percentiles derived from our MCMC chains.
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as the ratio between the two, as with the results from our best-
fit model shown for comparison. The shape of the high-mass
end of the stellar mass functions are substantively similar and
the main difference between them is that the slope of the
function for passive galaxies at masses smaller than the “knee”
is much flatter. Both stellar mass functions can be accurately
reproduced by the model.

In Figure 2, we present the two-point angular correlation
functions for passive and star-forming galaxies, with results
from the best-fit model also shown. The large-scale clustering
(i.e., two-halo term) of the two populations is similar.
However, there is more power on small scales for the passive
population, which suggests a larger fraction of these galaxies
are satellites (we will explore this further in Section 4.3). While
passive galaxies are recognized as being more clustered in
general at lower redshift (e.g., Zehavi et al. 2011), this appears
to be less pronounced on larger scales and with increasing
redshift (e.g., Hartley et al. 2010). We also note that Tinker
et al. (2013) find similar differences between their passive and
star-forming correlation functions for 0.2<z<1.0. Again,
we can see that the model can reasonably reproduce the
observed correlation functions, though there appear to be some
mild systematic discrepancies at (i) ∼10−2 deg for passive
galaxies, which could be related to complex nonlinear biases
(this scale approximately coincides with the transition from the
one- to two-halo term) not properly accounted for in our model;
and (ii) at large scales (2×10−2 deg) for star-forming
galaxies with  ( )M Mlog 10.2. Here, the discrepancy may
be related to our decision to fix Δz, which can control the

amplitude of the correlation function independent of the halos
the galaxies occupy (e.g., Cowley et al. 2018). We have
investigated more complex models in which Δz was a free
parameter for both passive and star-forming samples and had a
stellar mass dependence. However, as mentioned earlier, we
find that our current data are insufficient to robustly constrain
these models, although this may help alleviate this mild
discrepancy.
In general, these discrepancies are fairly minor and the results

shown here, combined with the reduced chi-squared value of
χ2/Ndof∼1.9 mentioned earlier, indicate that our model can
reproduce the calibration data to a good degree of accuracy.

4.2. The Stellar-to-halo Mass Ratios

Figure 3 shows the best-fit SHMR, ε(Mh) (Equation (5)), for
passive and star-forming central galaxies and the fraction of
central galaxies that are passive as a function of host halo mass
(Equation (6)). The high-mass slopes of the ratios are similar
for both populations, as would be expected from the similarity
in the high-mass regime of the stellar mass functions.
Interestingly, the star-forming population relation peaks at a
larger halo mass (by ∼0.5 dex) than the passive one (though at
a similar stellar mass, ∼1010.7Me, roughly coinciding with the
knee of the observed stellar mass functions) and the passive
relation has a higher normalization forMh1013Me. We now
investigate this difference in normalization further using a
simple model comprising a realistic ensemble of halo histories.

Figure 2. The two-point angular correlation functions measured from SMUVS data (points with error bars) and the results from our best-fit model (solid lines). Passive
(left two columns) and star-forming (right two columns) are indicated by red and blue colors, respectively. For reference, the results of the best-fit model for passive
galaxies are shown as the dashed-red lines in the star-forming panels. The shaded regions indicate the 16–84th percentiles derived from our MCMC chains. The stellar
mass limit used is indicated in each panel, in Me. Only the  >( )M Mlog 9.8 and >10.6 populations are used as calibration data in our model fitting. Note that the
models, rather than the observed data, have been corrected for the integral constraint, as discussed in Section 3.2.
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McBride et al. (2009) found that the mass assembly histories
of dark matter halos in the Millennium N-body simulations
(Springel et al. 2005) could be well described with the two
parameter functional form

= + b g-( ) ( ) ( )M z M z e1 , 18z
0 h h

where M0 is the halo mass at z=0. We generate a realistic
ensemble of βh and γh values according to Appendix A of
McBride et al. and weight the halos such that our halo mass
function at z=2.3 is reproduced. From this, we generate the
star formation histories, ψ(Mh, z), in each halo according to

y e= ¢( ) ( ) ˙ ( )M z M z f M, , 19h h b h

(e.g., Tacchella et al. 2018) where fb=Ωb/Ωm is the baryon
fraction and ε′(Mh, z) has the same form as Equation (5),
though has a different meaning than in Equation (4) so is
denoted with the “prime” symbol here for clarity, as are its
parameters. Additionally, we compute the stellar mass of each
galaxy, assuming the instantaneous recycling approximation,

through

 ò y= -( ) ( ) ( )M R M z dt1 , , 20h

where R is the returned fraction, the fraction of initial stellar
mass that is returned to the interstellar medium by mass loss
from dying stars. We use a value of R=0.41, which
corresponds to our choice of a Chabrier (2003) IMF. For
computing stellar mass functions, we add a Gaussian scatter
with


s = 0.13Mlog ,meas

dex onto our intrinsic stellar masses, as
we did in Section 3. In bins of stellar mass, we then label
galaxies with the lowest intrinsic specific star formation rates as

Figure 3. Main panel: the stellar-to-halo mass ratios (Equation (5)) for central
galaxies derived from our MCMC fitting for passive (red) and star-forming
galaxies (blue). The shaded regions indicate the 16–84th percentiles of this
relation derived from our MCMC chains. The dashed lines indicate lines of
constant stellar mass at  =( )M Mlog 9.8 and 11.6 (i.e., the range of stellar
masses constrained by our stellar mass functions). The thick black tick mark
indicates the maximum halo mass expected in the SMUVS volume at z∼2–3.
Lower panel: the fraction of central galaxies that are passive as a function of
halo mass (Equation (6)).

Figure 4. Top panel: the stellar-to-halo mass ratios for passive (red) and star-
forming galaxies (blue) divided by the stellar-to-halo mass ratio for the
combined population. The 16–84th percentile scatter for the combined
population is shown by the dotted black lines. A dashed gray line at unity is
shown for reference. Bottom panel: as for the middle panel but for the evolving
ò0 model.

Figure 5. The halo formation redshifts (defined as the redshift at which that
halo had acquired half of its z=2.3 mass) of our passive and star-forming
populations (red and blue symbols, respectively) for the evolving ε(Mh, z)
model. The open circles indicate the median formation time at a given stellar
mass and the error bars the 16–84th percentile scatter.
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passive such that the difference between the passive and star-
forming central galaxy stellar mass functions is reproduced. We
assume no redshift evolution in ε′(Mh, z) and find that the
parameter values ( ¢0, ¢Mc , β′, γ′)=(0.15, 2.1×1012 h−1Me,
0.8, 0.8) give reasonable results, i.e., can reproduce our
observed stellar mass function.

The SHMRs for passive and star-forming galaxies from this
model are shown in the top panel of Figure 4. They are
essentially identical, implying that for the difference in
normalization we found in Figure 3 to arise e¢( )M z,h must
evolve with redshift. Indeed, we illustrate this further by
repeating the above exercise but now allowing  ¢0 to vary as a
function of redshift. For simplicity we choose  ¢ =( )z0

 ¢ + ¢ ´ +( )z1zN and values of ( ¢N,  ¢ =) ( )0.04, 0.03z such
that the conversion of baryons into stars becomes more efficient
at higher redshifts (and our observed stellar mass functions are
still reasonably reproduced), all other parameters are kept the
same. The results from this model are shown in the bottom
panel of Figure 4. As expected, we find that the normalization
of the SHMR for passive galaxies is elevated relative to that of
the star-forming galaxies. We note that we have not precisely
reproduced the differences found in Figure 3, as the evolution

of ε′(Mh, z) is likely more complex than investigated here, but
we have illustrated how such differences can occur.
For each halo history, we now calculate a halo formation

redshift, zf, which we define as the redshift at which that halo
had assembled half of its z=2.3 mass. We show these for
passive and star-forming galaxies from the evolving ε′(Mh, z)
model in Figure 5, though we note that this figure would be
substantively similar if the constant ε′(Mh, z) model were
considered. Interestingly, selecting passive galaxies by choos-
ing those with the lowest specific star formation rates results in
us selecting halos with the highest formation redshifts, i.e.,
those that are assembling mass at the lowest rates10. This helps
further explain the result shown in Figure 4. Passive galaxies
tend to reside in “older” halos, thus gaining a larger proportion
of their final stellar mass at higher redshifts when the
conversion from baryons into stars was more efficient. This
results in a higher SHMR, such as that found in Figure 3.
Additionally, on further inspection of Figure 5, we see that the

halo formation redshift for star-forming galaxies is not strongly
dependent on stellar mass but for passive galaxies, there is a much

Figure 6. Galaxy stellar mass functions of passive (left panels) and star-forming (right panels) galaxies, divided into central (top panels) and satellite galaxies (right
panels), as predicted by our best-fit model. In each panel, the total stellar mass function is shown as a dashed black line and the contribution from different halo masses
as colored lines, as indicated in the legend.

10 We note that Feldmann et al. (2016) found a similar result studying passive
galaxies in the FIRE simulations (see also Feldman & Mayer 2015).
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stronger trend that flattens for Må1010.75Me. This could
explain the difference in the evolution of the number density of
intermediate- and high-mass passive galaxies found by Deshmukh
et al. (2018), as these stellar mass ranges appear to select halos
with very different rates of growth.

4.3. Satellite Fractions and Quenching

In this section, we address the abundance of satellites in our
galaxy populations and discuss potential physical quenching
mechanisms for them.

As a result of our halo formalism, we can compute the
contribution to the stellar mass function from a given halo mass
by appropriately changing the integration limits in Equation (12).
We show the contribution to the stellar mass function from a
selection of halo masses and divided into passive/star-forming
and central/satellite in Figure 6. Here we can see that at a fixed
stellar mass the satellite mass function is dominated by greater
mass halos than the central one, and this is especially pronounced
for passive galaxies. The stellar mass of central galaxies forms a
relatively tight relationship with the mass of their host halos (e.g.,
Equation (5)) but this becomes offset once they are accreted into a
more massive host halo and become a satellite. Their stellar mass
will not necessarily change much following the halo merger but
their host halo mass will suddenly have increased, so this result is
unsurprising. Additionally, we can see that the contributions from
each halo mass range form a fairly well-defined peaked function
for central galaxies, but this is not the case for satellites, indicating
that a relationship between the stellar mass of a satellite galaxy
and the mass of its host halo must have a much greater scatter than
for centrals. This can be understood as the merger event and
subsequent environmental effects scattering satellite galaxies from
the initial (relatively tight) SHMR they had as central galaxies.

We show the satellite fractions for our passive population
and the complete mass selected population (passive + star-
forming) in Figure 7. We see that our results for the complete
population compare favorably with our earlier analysis in
Cowley et al. (2018), which used a less-sophisticated halo
occupation model than we have adopted here. We can also see
that the satellite fractions for passive galaxies are generally
greater (as has been found at lower redshifts, e.g., Knobel et al.
2013), though the difference is fairly small and there are
significant uncertainties on the satellite fraction for passive
galaxies. This is unsurprising, as this quantity is constrained
mainly by the small-scale clustering data for passive galaxies
that have significant uncertainties. However, a greater satellite
fraction indicates that a passive galaxy is more likely to be a
satellite than one selected from the combined population, and
implies that the environmental effects satellite galaxies are
subject to can play a role in quenching ongoing star formation.
We explore this idea in greater detail below.

4.3.1. The Astrophysics of Satellite Quenching

In this Section, we infer satellite quenching timescales and
compare these with other estimates from the literature at lower
redshift, to briefly discuss the possible physical mechanisms for
satellite quenching, i.e., dynamical/orbit- or outflow-based,
which can generally be recognized as “environmental” and
“intrinsic/mass-related”, respectively. In doing so, we are
broadly revisiting the discussion of McGee et al. (2014),
though arrive at a different conclusion.

We derive a quenching timescale for our satellite population
based on the method of Tinker & Wetzel (2010) and Tinker
et al. (2013). At each stellar mass, we compute the fraction of
satellite galaxies that are passive, and then compare this to the
age distribution of satellite halos (i.e., the time since they were
last a distinct halo) at this redshift taken from the recent
P-Millennium simulation (Baugh et al. 2018). Using the ansatz
that the quenched (i.e., passive) galaxies are the ones that have
been satellites for the longest period of time, we can then derive
a quenching timescale. For example, if 50% of satellite galaxies
are passive and 50% of satellite halos have been a satellite for
1Gyr or more, then our quenching timescale would be 1Gyr.
However, some satellites may have been passive prior to
accretion onto their current host. To account for this, we follow
Tinker et al. (2013) and assume two extremes: either that no
galaxies were passive prior to being accreted (v1) or that the
fraction of central galaxies that are passive at z=2.3 was
already passive11 (v2). For example, if 50% of satellite galaxies
are passive but 10% of central galaxies are passive, then the
quenching timescale we are concerned with in v2 will be the
40th percentile of the satellite age distribution, whereas in v1 it
would be the 50th percentile.
In the case that quenching depends only on the orbit of the

satellite within its host halo then the quenching timescale will
evolve as the ratio of the inverse densities, ∝(1+z)−3/2 [for a
halo in virial equilibrium the dynamical timescales as ρ−1/2 and
the density, ρ, scales as (1+z)3]. However, if supernovae-
driven outflows are primarily responsible then the quenching
time will scale more strongly with the star formation rate.
McGee et al. used the fitted prescriptions for the star-forming

Figure 7. The cumulative satellite fraction as a function of stellar mass for
passive and all galaxies (red and black solid lines, respectively, the dashed
portion of the lines indicates stellar masses for which our model is not directly
constrained by clustering data). The shaded regions indicate the 16–84th
percentiles derived from our MCMC chains. Observational data (for all
galaxies) are from Cowley et al. (2018, black circles).

11 In reality, this fraction will be nonzero but less than it is at z=2.3 because
galaxies were accreted at higher redshifts when the fraction of central galaxies
that are passive will have been lower.
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“main sequence” of Peng et al. (2010) and Whitaker et al.
(2012) to investigate the potential evolution of the quenching
timescale under this scenario, assuming that the outflow rate is
invariant with redshift for a given star formation rate and stellar
mass. They also modified the prescription of Whitaker et al. to
account for different mass-loading factors, η, where a larger
value means more cold gas mass is ejected from a galaxy per
unit star formation, thus inhibiting subsequent star formation.
We show the scaling of these outflow models [normalized to
the quenching timescale of Wetzel et al. (2013) for
Må=1010.5Me galaxies at z∼0] in Figure 8. We also
include in this figure a broad range of other estimates of the
quenching timescale of 1010.5Me satellite galaxies, including
our own. At Må=1010.5Me we find = -

+t 0.77quench 0.22
0.33 Gyr

for v1 and -
+1.03 0.27

0.60 Gyr for v2.
The various observational data seem to cover a plethora of

possible scenarios, most likely related to the use of different
techniques and methods to derive a quenching timescale. This
highlights the need for a homogeneous analysis to be
performed over a broad range of redshifts and means that we
are not able to draw strong conclusions here. McGee et al.
considered only the data of Wetzel et al. (2013), McGee et al.
(2011), Mok et al. (2014), and Muzzin et al. (2014) and so
arrived at the conclusion that outflow-based models were in
better agreement with the data. In contrast, our estimates, taken
in conjunction with those of Wetzel et al. (2013), seem to
strongly favor a dynamical mechanism for satellite quenching,
e.g., ram pressure stripping. This is the same conclusion that
Tinker & Wetzel (2010) arrived at and it appears from
inspection of Figure 8 that more high-redshift data, such as that
presented in this work, could help further discriminate between
these two potential processes.

5. Summary

We have used a sophisticated halo occupation model to
investigate the SHMRs of passive and star-forming galaxies, as
identified in the SMUVS survey, at z∼2–3. The free
parameters in the model are calibrated through fitting them to
the observed galaxy stellar mass and angular two-point
correlation functions for each population. The model provides
a meaningful way to statistically assign an average halo mass to
an observed stellar mass and to divide our galaxy populations
into central and satellite galaxies.

We find that the central galaxy SHMRs are different for
passive and star-forming galaxies. Interestingly, the normal-
ization of this relation around its peak is higher for passive
galaxies than that of the star-forming population. Using a
simple model based on ΛCDM halo mass accretion histories,
we show that this can arise if the efficiency with which baryons
are converted into stars at a given halo mass evolves with
redshift, such that it is more efficient at higher redshifts. This
mass accretion model also shows that passive central galaxies
can be plausibly explained as simply a selection of the host
halos with the highest formation redshifts, i.e., those with the
lowest mass accretion rates. The halo formation redshift is very
dependent on stellar mass for passive galaxies and this may
help to explain the very different evolution of high- and
intermediate-stellar mass selected passive galaxies found by
Deshmukh et al. (2018).

At a given stellar mass, satellite galaxies occupy host halos
of a greater mass than their central counterparts. Additionally,
the satellite fraction of passive galaxies is greater than that of

the combined population (passive and star-forming) indicating
that environmental processes are expected to play a role in
galaxy quenching.
Assuming that passive (i.e., quenched) satellites will be

those that have been satellites for the longest and using the
distribution of satellite (sub-halo) ages from an N-body
simulation we derive satellite quenching timescales. Through
comparing our estimates, and others from the literature at lower
redshifts, to the results from very simple dynamical- and
outflow-based models, we find that our data seem to favor a
dynamically driven quenching model, e.g., ram pressure
stripping. However, it is possible to draw different conclusions
depending on the observational data considered, as they appear
to support a range of possible scenarios. It appears that further
studies of the satellite quenching timescale at higher redshifts
will allow for a more definitive answer to this particular
question.

Figure 8. The quenching timescale of satellite galaxies with  =( )M Mlog
10.5. Observational data are from Wetzel et al. (2013, red triangle), Tinker et al.
(2013, hexagons), McGee et al. (2011, gray cross), Mok et al. (2014, blue
downward triangle), Muzzin et al. (2014, gray diamond), and Tinker et al.
(2010b, yellow pentagon). Outflow models based on the galaxy “main-
sequence” star formation rate parameterizations of Whitaker et al. (2012, blue
line)—with the modifications of McGee et al. (2014) for a mass-loading of
η=1 and 2 (blue dotted and dashed lines, respectively)—and Peng et al.
(2010, green line). A dynamical model (scaled to the z=0 estimate of Wetzel
et al.) is shown by the gray shaded region. Estimates from this work assume
either no galaxies were quenched upon infall (v1, purple point) or that the
passive fraction of central galaxies were quenched (v2, orange point).
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Appendix
MCMC Fitting

In this Appendix, we give some brief details regarding the
results of our MCMC fitting procedure. We use the Gelman &
Rubin (1992) R̂ statistic for each free parameter to assess
whether our MCMC chains have converged. These are shown
in the top right panel of Figure 9. All parameters have achieved
values of <R̂ 1.2, indicating that they have converged.
The marginalized 1D and 2D posterior distributions for our

free parameters are shown in Figure 9. While there are some
degeneracies between parameters, this is not often the case, and
the majority of the 1D posterior distributions form well-defined
peaks. Our best-fit parameter values and 16–84th percentile
ranges from our MCMC chains are given in Table 1.
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Figure 9. Top right panel: the Gelman & Rubin (1992) R̂ statistic for each of our MCMC parameters (each line represents a parameter) at each iteration in the MCMC.
Reference values of 1.2 and 1.0 are shown as the black dashed and dotted lines, respectively. A value of <R̂ 1.2 indicates convergence. Other panels: the
marginalized 1D (diagonal panels) and 2D (off-diagonal) posterior distributions for our MCMC parameters. The solid vertical lines in the diagonal panels indicate the
median of the posterior distribution (taken to be our best-fit value) and the dashed lines indicate the 16–84th percentiles. The black and gray contours in the off-
diagonal panels indicate the 1σ and 2σ levels, respectively. The rightmost six parameters are for star-forming galaxies. This figure was produced using code adapted
from Foreman-Mackey (2016). Halo masses are in h−1 Me. The limits of the axes are either less than or equal to the (flat) prior range used.
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Table 1
Parameter Values from MCMC Fitting

Parameter Value Prior Range Equation

Passive fraction:
( )Mlog h,q -

+13.03 0.55
0.51 (12.00, 14.00) (6)

fmax,p -
+0.52 0.24

0.31 (0.00, 1.00)
σq -

+1.02 0.43
0.41 (0.10, 2.00)

Passive Galaxies:
( )log 0 - -

+1.59 0.21
0.30 (−2.50, −0.82) (5)

( )Mlog c -
+11.83 0.37

0.24 (11.00, 12.50)
β -

+2.72 1.64
1.69 (0.00, 6.00)

γ -
+0.71 0.15

0.15 (0.40, 1.10)
( )Blog sat -

+1.94 0.19
0.28 (1.50, 3.00) (9)

βsat -
+0.95 0.44

0.54 (0.00, 2.00)
Star-forming Galaxies:
( )log 0 - -

+1.94 0.03
0.03 (−2.50, −0.82) (5)

( )Mlog c -
+12.60 0.07

0.07 (11.50, 12.80)
β -

+0.75 0.06
0.06 (0.00, 2.50)

γ -
+0.90 0.15

0.08 (0.40, 1.10)
( )Blog sat -

+1.42 0.04
0.04 (0.50, 2.50) (9)

βsat -
+1.62 0.21

0.24 (0.50, 2.00)
Fixed Parameters:
αsat 1.0 L (8)

s ( )Mlog 0.2dex L L

Δz 0.035 L (14)

Note.All halo masses are in h−1 Me.
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