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ABSTRACT
One of the most striking properties of galaxies is the bimodality in their star-formation
rates. A major puzzle is why any given galaxy is star-forming or quiescent, and a
wide range of physical mechanisms have been proposed as solutions. We consider how
observations, such as might be available in upcoming large galaxy surveys, might
distinguish different galaxy quenching scenarios. To do this, we combine an N -body
simulation and multiple prescriptions from the literature to create several quiescent
galaxy mock catalogues. Each prescription uses a different set of galaxy properties
(such as history, environment, centrality) to assign individual simulation galaxies as
quiescent. We find how and how much the resulting quiescent galaxy distributions
differ from each other, both intrinsically and observationally. In addition to tracing
observational consequences of different quenching mechanisms, our results indicate
which sorts of quenching models might be most readily disentangled by upcoming
observations and which combinations of observational quantities might provide the
most discriminatory power.

Our observational measures are auto, cross, and marked correlation functions, pro-
jected density distributions, and group multiplicity functions, which rely upon galaxy
positions, stellar masses and of course quiescence. Although degeneracies between
models are present for individual observations, using multiple observations in concert
allows us to distinguish between all ten models we consider. In addition to identifying
intrinsic and observational consequences of quiescence prescriptions and testing these
quiescence models against each other and observations, these methods can also be
used to validate colors (or other history and environment dependent properties) in
simulated mock catalogues.

1 INTRODUCTION

As time marches forward, collapsed objects in the universe
grow hierarchically via merging and accretion. Gas accreting
onto halos serves as the fuel for star formation in the galaxies
residing in dark matter halos. Not all galaxies are forming
stars at a significant rate today however, so a central puzzle
in galaxy formation is: why are some galaxies star-forming
while others are quiescent? Several possible mechanisms to
quench star-forming in galaxies have been identified. For in-
stance, the gas may already be used up in stars, or might be
stripped from the galaxies, or prevented from accreting onto
them, or heated, and so on (see, e.g., the galaxy formation
textbook by Mo, van den Bosch & White 2010). Determin-
ing which of these processes are most significant for quench-
ing is a major challenge. Due to the vast range of physical
processes and scales which can contribute to the quenching
of star-formation (e.g. formation of stars, stellar feedback,
and accretion onto and outflows from black-holes) empirical
constraints can play a vital role.

Here we consider ways in which large statistical galaxy

surveys can be used to distinguish between different models
for galaxy quenching, motivated by the tremendous impact
of the Sloan Digital Sky Survey (York et al. 2000) on stud-
ies of local galaxies, and other large surveys either beginning
or being planned. We take such surveys to provide a set of
galaxy positions and stellar masses and whether or not the
star-formation in the galaxy is quenched. We shall not con-
sider here detailed measurements of individual galaxies on
smaller scales, such as galaxy structural properties, prop-
erties such as winds, or AGN signatures. While these are
indeed valuable, our focus is on properties associated with
large-scale structure as is available in large surveys.

We expect that using even relatively little information
per galaxy can be highly informative when combined with
large statistical samples, because many proposed galaxy
quenching mechanisms differ in their dependence upon
galaxy formation histories and environments. These differ-
ences lead to different overall statistical properties. For ex-
ample, heating of a galaxy by an AGN may be more likely
to occur when the galaxy is in the core of a massive halo,
while stripping of gas could be more likely when a galaxy is
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2 Cohn and White

moving through a very dense environment (e.g. as a satel-
lite in a massive halo). The two resulting populations have
different demographics.

In this work we create mock, quenched galaxy samples
in N-body simulations, based upon 10 different models and
prescriptions drawn from or motivated by models in the lit-
erature. Each model assigns quiescence to individual mock
galaxies based upon history and/or environmental criteria,
which we expect to be correlated with the underlying phys-
ical (and baryonic) processes affecting star-formation. We
identify similarities and differences between these models,
both intrinsic and observable. Our mock observations of
these data help elucidate which future observations might
best disentangle such models, and how precise those obser-
vations need to be. How the observations interlock and con-
strain the models is also valuable information for refining
mock catalogs – created via any method – which are used
in the design and analysis of large surveys.

We shall only consider a single redshift here (z ≃ 0.5);
while connecting galaxies across time is a powerful tech-
nique, it also involves further assumptions. At low redshifts
(z ≃ 0.1) the wealth of data and in depth analysis of rich
data sets such as SDSS (www.sdss.org) has provided many
powerful constraints on environments and other properties
of quenched galaxies. Some of our models incorporate these
insights. By going back to z ≃ 0.5, we explore the implica-
tions of these mechanisms for a significantly earlier cosmic
time, and one for which we expect large statistical samples
in the near future1. Note that z ≃ 0.5 is approximately
5Gyr ago, which is longer than the main-sequence lifetime
of > 1.4M⊙ stars. Any galaxy less massive than 2×1010 M⊙

on the star forming main sequence would at least double its
stellar mass in this period2. It is also around z ≃ 0.5 that
we see a rapid rise in the number density of intermediate-
mass quiescent galaxies, making this a particularly interest-
ing time to study.

We also focus exclusively on a single galaxy prop-
erty, quiescence. Comparing measurements for one observed
galaxy property, while fixing the others, makes this work
similar to the approach of e.g. Hearin & Watson (2013);
Masaki, Lin & Yoshida (2013) at z ≃ 0.1. This forms a
complement to more complex models, such as semi-analytic
models, which provide more information on each galaxy
across cosmic time but also more dependencies between in-
puts, assumptions and observations (see e.g. Lu et al. 2010;
Neistein & Weinmann 2010; Lu et al. 2013, for recent exam-
ples of fitting a suite of parameters in such models to a suite
of observations).

The outline of the paper is as follows. In Section 2 we
describe the N-body simulation and our observation-based
assignments of galaxy stellar mass and total quiescent frac-
tion. In Section 3 we describe our 10 different prescriptions
for selecting quiescent galaxies based on histories and envi-
ronments, and in Section 4 and Section 5 we compare intrin-
sic and observational properties of the resulting catalogues
respectively. Section 7 summarizes and concludes. Through-

1 For example from DES (www.darkenergysurvey.org), HSC
(www.naoj.org/Projects/HSC/surveyplan.html), JPAS (j-
pas.org), and LSST (www.lsst.org).
2 Using Eq. (2) of Lilly et al. (2013).

out we use lg to denote log10, express stellar masses in M⊙

(with no factors of h), and halo masses in units of h−1M⊙.
All distances and volumes are comoving and expressed in
h−1Mpc or h−3 Mpc3.

2 SIMULATIONS AND STELLAR MASS
ASSIGNMENTS

In order to compare different models and mechanisms for
quiescence, we would like to have a sample of mock galaxies
with environments, formation histories and stellar masses
which are close to what is seen in observations. To this
end we associate mock galaxies with dark matter subha-
los (defined in more detail below) in an N-body simulation.
Such associations are currently the standard tool for an-
alyzing galaxy surveys, as dark matter simulations of the
cosmic web are well converged (e.g. Heitmann et al. 2008)
and differences between dark matter subhalo definitions
and merger trees are becoming similarly well characterized
(Onions et al. 2012). The N-body simulation provides sub-
halo properties such as positions, velocity, (dark matter)
mass, environment and history. As dark matter is the domi-
nant contribution to the mass density in the Universe, these
quantities are expected to be close approximations3 to their
values when baryons and all interactions are included (a
comprehensive simulation of the latter is currently infeasi-
ble). We use the terms galaxy and subhalo interchangeably
henceforth.

We employ an N-body simulation performed in a pe-
riodic box of side 250 h−1Mpc. This box has a similar vol-
ume to the main galaxy survey of the SDSS, though with-
out boundaries or gaps. At z ≃ 0.5 it would subtend
around 10◦ on a side in the plane of the sky. The cos-
mology is of the ΛCDM family with (Ωm,ΩΛ, h, n, σ8) =
(0.274, 0.726, 0.7, 0.95, 0.8). The simulation evolved 20483

equal mass particles from initial conditions generated at
z = 150 with second order Lagrangian perturbation the-
ory, using the code described in White (2002). Phase space
data for all of the particles were dumped starting at z = 10
and for 45 times equally spaced in lg(1 + z) down to z = 0.
We use the z ≃ 0.5 (a = 0.676) output as our observation
time. Further details about this simulation can be found in
White, Cohn & Smit (2010).

For each output, halos are identified using the Friends
of Friends (FoF) algorithm (Davis et al. 1985), with a link-
ing length of 0.168 times the mean inter-particle spacing.
Halo masses quoted below are FoF halo masses unless oth-
erwise specified. When halos merge, part of the smaller halo
can survive as a self-bound substructure within the larger
host halo. In such a situation we call the core of the larger
halo the “central subhalo” (or central) of the final system
and the core of the smaller halo which “fell in” a “satel-
lite subhalo” (or satellite). We reserve the term “halo” to

3 There are regimes where the approximation is known to break
down, for instance on very small scales where baryons domi-
nate; see Kuhlen, Vogelsberger & Angulo (e.g. 2012) for a re-
cent review. See also Weinberg et al (2008); Simha et al. (2012);

van Daalen et al. (2013) for detailed comparisons of subhalo
properties with and without baryonic effects.
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Using large galaxy surveys to distinguish z ≃ 0.5 quiescent galaxy models 3

refer to the parent FoF structure which will host a cen-
tral subhalo and possibly several satellite subhalos. The
subhalos are tracked as overdensities in phase space using
the FoF6D algorithm (Diemand, Kuhlen & Madau 2006) as
implemented in White, Cohn & Smit (2010). Merger trees
and histories are calculated using the methods described in
Wetzel, Cohn & White (2009); Wetzel & White (2010).

As in Wetzel & White (2010) we only consider ha-
los (and their descendant subhalos) with masses above
1011.3h−1M⊙ to avoid resolution issues (note that sub-
halos tracked using Subfind (Springel, Yoshida & White
2001) require a higher minimum mass cut, as discussed in
Guo & White 2012). This cut results in 310,687 galaxies
in our z ≃ 0.5 box or n̄ = 7 × 10−3 Mpc−3 (comoving).
There are in addition 1, 18 and 110 (roughly cluster sized)
halos with mass above 1015h−1M⊙, 2 × 1014h−1M⊙ and
1014h−1M⊙.

2.1 Stellar mass assignments

Observationally, star formation is correlated with stellar
mass, and many of the models we investigate use as an input
the stellar mass of the galaxy. We thus need a way to assign
stellar masses to our mock galaxies which results in the right
demographics and environmental properties. We assign stel-
lar mass to each galaxy using subhalo abundance matching
(e.g. Vale & Ostriker 2006; Conroy, Wechsler & Kravtsov
2006) to the z ≃ 0.5 stellar mass function of Drory et al.
(2009). We use this stellar mass function4 in part because
several of our prescriptions start with the quiescent fractions
of central and satellite galaxies proposed by Wetzel et al.
(2013a, hereafter WTCB) based upon these data.

We choose to abundance match stellar mass to the max-
imum mass in a subhalo’s history. For a satellite subhalo,
this maximum mass is often the mass right before it be-
comes a satellite, sometimes known as the infall mass. (Us-
ing the maximum mass is along the lines recommended by
Reddick et al. (2013), who compared several possible abun-
dance matching proxies for stellar masses and luminosities
at z ≃ 0.05, although the peak velocity was an even bet-
ter proxy in their case.) We include a 0.16 dex scatter in
stellar mass at fixed maximum mass (again motivated by
the choices of WTCB) but we clip the scatter at ±2σ to
avoid outliers in the more massive halos which are rare in

4 Several other z ≃ 0.5 stellar mass functions exist in the litera-
ture including Perez-Gonzales et al. (2008); Ilbert et al. (2010);
Pozzetti et al. (2010); Behroozi, Wechsler & Conroy (2013a);
Davidzon et al (2013); Knobel et al. (2013); Marulli et al. (2013);
Moustakas et al. (2013). These are significantly different and
such differences would propagate into the details of our modeling.
Some sources of the differences are discussed in Marchesini et al.
(2009); Muzzin et al. (2009); Behroozi, Conroy & Wechsler
(2010); Ilbert et al. (2010); Moustakas et al. (2013); Tinker et al.
(2013). For example, Moustakas et al. (2013) find small effects
from changing stellar population synthesis models between FSPS
(Conroy, Gunn & White 2009; Conroy, White & Gunn 2010;
Conroy & Gunn 2010), Bruzual & Charlot (2003), Maraston
(2005), and Pegase (Fioc & Rocca-Volmerange 1997, 1999;

Le Borgne et al. 2004), while Behroozi, Conroy & Wechsler
(2010) find a shift of 0.1 dex due to the choice of dust model.

Figure 1. Top: The stellar mass function of Drory et al. (2009,
smooth curve) and the histogram (dotted line) of stellar masses
in our box. This is used as input to all 10 of our methods. Bot-
tom: Satellite fraction at z ≃ 0.5 (solid black line), prescriptions
for redshift independent (dotted red line) and dependent (dashed

blue line) quiescent satellite fractions, and their corresponding
quiescent central fractions. These come from WTCB and are used
to construct the “fix sat” and “fix c/s” models described in Sec-
tion 3.

our simulation box. After assigning M⋆, we keep only galax-
ies with M⋆ ≥ 109.5 M⊙. Of the 310,687 mock galaxies in
the box making the halo resolution mass cut, 254,950 then
remain (of which 185,532 are central). This galaxy sample is
starting point for each of our catalogues below. The stellar
mass functions for Drory et al. (2009) and for the simulation
box are shown in Fig. 1 where we see good agreement, as
expected.

2.2 Quiescent fraction as a function of stellar mass

Each prescription we consider below assigns a subset of
the galaxies in our simulation box to be quiescent. Match-
ing observations of this fraction is clearly a key property,
and is built into the specification of several of our mod-
els. For example, many of our models are taken from pre-
scriptions of WTCB, which are in turn based upon the
Drory et al. (2009) quiescent fraction as a function of stel-
lar mass, fQ,all(M⋆) (see Fig. 2). Others require a quiescent
fraction as function of stellar mass as input, again we choose
that of Drory et al. (2009). Specifically, we take fQ,all(M⋆)
as the number of quiescent galaxies divided by the sum of
quiescent and active galaxies in the double Schechter func-
tion fits of Eq. (1) and Table 3 of Drory et al. (2009).

There is a large diversity in observed quiescent fractions
as a function of stellar mass. The origins of some of these
differences are understood, in particular, the Drory et al.
(2009) quiescent fractions are defined through SED fit-

c© 0000 RAS, MNRAS 000, 000–000



4 Cohn and White

Figure 2. The quiescent fraction in our mock catalogues, all
of which are tuned to the Drory et al. (2009) observational fits
(smooth blue lines). The central smooth blue line is the ratio of
the best-fit quiescent stellar mass function to the quiescent plus
active stellar mass functions (from the double Schechter fits in

Drory et al. (2009) Eq. (1) and table 3). The two flanking blue
curves are the ±1σ variation of the 4 normalizations (φb and φf

for both quiescent and active galaxies) to give an indication of
the range of observational uncertainty. The prescriptions based
upon “fix sat”, “fix c/s”, “maxmass,” and zstarve all match the
Drory et al. (2009) curve by construction, and so are all essen-
tially degenerate. The red lines are for “fix sat” and the blue are
for “fix c/s”. The solid line is for random quiescent assignment,
dot-dashed is our version of galactic conformity (“conf”) while
dotted is satellite history (“h”). The solid cyan line is the “max-
mass” model, while dashed cyan denotes Ṁh; magenta solid is
M⋆ Σ5 and magenta dotted is zstarve.

ting, and thus differ from those employing other definitions
(e.g. specific star formation rate, color cuts, morphology or
some combination). Pozzetti et al. (2010) compare samples
of quiescent galaxies selected by several different definitions
for a data set at z ≃ 0.5. The galaxy samples differ physically
and in number density, with color cut based samples tending
to include more galaxies because of dust. Two of our models
are based upon non-SED based criteria for quiescence. To
take this additional (in part definitional) complexity out of
our comparisons, we modify our prescriptions, if needed, to
improve agreement with the SED based Drory et al. (2009)
fQ,all(M⋆). Unfortunately there is not always a unique mod-
ification to match to the SED quiescent fraction, or match-
ing it exactly is difficult. We shall discuss these cases in
detail below. Our quiescent fraction choice produces approx-
imately 55,000-65,000 quiescent galaxies for each catalogue,
depending upon model.

3 PRESCRIPTIONS FOR ASSIGNING
QUIESCENT GALAXIES

We now describe the different quiescent galaxy prescriptions
we apply and the 10 resulting catalogues.

Our starting point is the z ≃ 0.5 box of mock galaxies
with stellar masses assigned as described above. (By fixing
this underlying galaxy distribution for all 10 catalogues, any
differences in quiescent galaxy catalogues are due solely to
the differences in assigning quiescence.)

The first and simplest model is motivated by a method
by Skibba & Sheth (2009) used at z ≃ 0.1 to assign col-
ors to mock galaxies. The method assumes we have a lu-
minosity and central/satellite assignment for each object,
and that the color depends only on these properties. Such
a method gives good agreement with a number of observa-
tions at z ≃ 0.1. In our case, we use each galaxy’s stellar
mass, M⋆, and whether it is a satellite or central galaxy
to determine the probability that it is quiescent. Individual
galaxies are then marked, at random, using these probabil-
ities. With our assumptions, there is only one free function
that we must specify to determine the model, and we can
take it to be the probability that a satellite galaxy of stel-
lar mass M⋆ is quiescent: fQ,sat(M⋆). The central quiescent
fraction then is given by the requirement that we match the
overall quiescent fraction fQ,all(M⋆) of Drory et al. (2009).
In more detail, and because conventions can differ, we define
fQ,sat(M⋆) as the fraction of satellites which are quiescent,
i.e. the total number of satellite galaxies of a given M⋆ which
are quiescent is fQ,sat(M⋆) fsat(M⋆)Ngal(M⋆), where fsat is
the fraction ofM⋆ galaxies which are satellites and Ngal(M⋆)
is the total number of galaxies with stellar mass M⋆. The
definition of fQ,cen(M⋆) is analogous.

These functions have all been well constrained at z ≃

0.1, but we expect them to change with redshift. Unfortu-
nately, a precise measurement of these functions at higher
redshift is difficult as it requires a good group catalog and
quiescence classification over a cosmologically representative
volume5. To overcome this, WTCB suggest extrapolating
from z ≃ 0.1 to higher z in two ways and using the difference
as a measure of uncertainty in the model. As more observa-
tions become available we can use the measured fQ,sat(M⋆)
rather than these extrapolations. In the meantime, includ-
ing both models helps us to understand the observational
signatures we see later.

3.1 Fixed fQ,sat

The first extrapolation to redshift z = 0.5, which we refer
to as “fix sat”, assumes (Wetzel et al. 2013a)

ffix sat
Q,sat (M⋆, z = 0.5) ≡ fQ,sat(M⋆, z = 0)

= −3.42 + 0.40 lgM⋆/M⊙ .
(1)

It is shown for our redshift in Fig. 1 as the dotted (red) line.
For the stellar masses of interest to us, the overall quiescent
fraction of galaxies is observed to drop rapidly to increasing
redshift, while the satellite fraction evolves more modestly

5 Group catalogues, for small volumes (e.g., Gerke et al. 2012;
George et al. 2013), and estimates for associated quiescent frac-

tions (e.g. Knobel et al. 2013; Tinker et al. 2013) are just begin-
ning to be made, based upon a variety of quiescence definitions.
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Using large galaxy surveys to distinguish z ≃ 0.5 quiescent galaxy models 5

(see e.g. table 1 of Wetzel et al. 2013a, for a recent compi-
lation). If we hold fQ,sat fixed, the decrease in fQ,all must
be obtained by decreasing fQ,cen. Thus, in order to match
the observed evolution of the total quiescent fraction, the
fraction of central galaxies which are quiescent in this pre-
scription drops rapidly with increasing redshift.

To implement Eq. (1) and the related models described
below, we assign the specified quiescent fractions in 100 bins
covering 9.5 ≤ lgM⋆/M⊙ < 12.06. If either fQ,sat(M⋆) or
fQ,cen(M⋆) go outside the region [0, 1], we clip its value and
choose the other fraction to reach the desired fQ,all(M⋆).
For our first prescription, we thus randomly assign galaxies
to be quiescent only requiring that Eq. (1) above and the
corresponding fQ,cen(M⋆) are satisfied in each stellar mass
bin.

We extended this prescription in 2 ways, to get 2 more
catalogues. The first extension is a version of “galactic con-
formity”6. The quiescent centrals are taken to be the same
as those in the “fix sat” case above. Satellites of quiescent
centrals are initially all taken to be quiescent as well. If the
resulting number of quiescent satellites is too small to sat-
isfy Eq. (1) in a given M⋆ bin, more satellites are randomly
assigned to be quiescent. If the number of quiescent satel-
lites is instead too large, quiescent satellites are randomly
changed to active to get agreement. Both cases occur, for
higher and lower M⋆ respectively. (As we shall see later, in
a similar model with more quiescent centrals, many more ha-
los have star-forming satellites but quiescent centrals, while
there are no cases of quiescent satellites with star-forming
centrals. We shall explore the observational consequences of
this below.) On average, ∼ 70% of the satellites in high mass
halos are quiescent in this variant, compared to about 60%
for the (random) “fix sat” model. We call this prescription
“fix sat-conf”.

We explored a stronger form of galactic conformity as
well, which we did not include in our family of catalogues.
With our fixed choice of quiescent centrals, inherited from
the “fix sat” prescription, we assigned a rank to each halo.
Halos with quiescent centrals were ranked first, in order of
descending (total) richness. Halos with star-forming centrals
followed the centrally quiescent halos but were ranked in as-
cending order of richness. Each satellite galaxy then inher-
ited the ranking of its parent halo. Within a bin of stellar
mass the first ranked fQ,sat(M⋆)Nsat(M⋆) of the satellites
were marked as quiescent, with the rest being star-forming.
This prescription resulted in no star forming galaxies in the
richest halos which have quiescent centrals (down to halo
masses below 1014h−1M⊙). As this is in clear conflict with
observations, we work with the less extreme “fix sat-conf”
prescription described above.

The second extension based upon Eq. (1), “fix sat-h”,
introduces a quenching ordering (and thus an implied time
scale). Central galaxies from the “fix sat” model are again
left unchanged. Each satellite is then ranked by its infall
time. To deal with the discreteness in the output times from

6 Several definitions of conformity are in use, some of which
not only affect galaxies sharing the same halo, but also galax-
ies within a larger region. Ours is most similar to that used by
Weinmann et al. (2006) and Ross & Brunner (2009) to describe

correlation functions for SDSS at low redshift. See also recent
work by Kauffmann et al. (2013); Phillips et al. (2013).

Figure 3. Quenching times found for “fix sat-h” (filled red tri-
angles), “fix c/s-h” (filled blue squares) and “maxmass” (open
cyan squares) models as described in the text. The solid black
line shows the z = 0 quenching times suggested for a model by
WTCB which is similar to the “maxmass” model. The (lower)

dashed, black line gives a suggested extrapolation to z = 0.5 of
the z = 0 solid line, from Tinker & Wetzel (2010). At the highest
stellar masses there are very few satellites, leading to the larger
scatter in quenching time.

the simulation we take the infall time to be random, uni-
formly distributed between the time step when the galaxy
was last a central and when it became a satellite.7 We take
some satellites as quiescent upon infall with a probability
based on the extrapolations in WTCB for fQ,cen(M⋆, z) in
this model as a function of redshift. (They give estimates
for 4 stellar mass bins and we extend the redshift scaling of
their highest mass bin to apply to the most massive satel-
lites.) We then take the remaining satellites in each stellar
mass bin to be quiescent in order of infall time (earliest first)
to reach fQ,sat(M⋆) in each stellar mass bin. The quenched
satellite which fell in most recently of the latter set deter-
mines a quenching time, shown as solid (red) triangles in
Fig. 3. (At the highest stellar masses there are very few
satellites, leading to the larger scatter in quenching time.)

These first three models differ in how they include en-
vironment or history, but the quiescent central galaxies are
identical, as is the quiescent satellite fraction as a function of
M⋆. In particular these models all have a relatively low cen-
tral quiescent fraction, as a direct consequence of Eq. (1). We
now consider the second extrapolation of fQ,cen(M∗) from
low redshift of WTCB, to illustrate the impact of this as-
sumption.

7 This does add scatter between infall times of galaxies which

were part of the same halo when falling into the larger halo, how-
ever we expect some scatter as well in the quenching process.
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6 Cohn and White

3.2 Fixed fQ,cen/fQ,sat

An alternate way to evolve the quiescent satellite fraction,
also suggested by WTCB, is to fix not fQ,sat(M⋆) but the ra-
tio of the central and satellite quiescent fractions. To match
the observed drop in fQ,all towards higher z, both fQ,sat and
fQ,cen decrease. However, since the drop is shared between
the two sources this prescription leads to a larger quiescent
central fraction than the assumption of Eq. (1). Specifically
we take

f
fix c/s
Q,cen

f
fix c/s
Q,sat

(M⋆, z) ≡
f
fix c/s
Q,cen

f
fix c/s
Q,sat

(M⋆, z = 0)

=
−6.12 + 0.64 lgM⋆/M⊙

−3.42 + 0.40 lgM⋆/M⊙
.

(2)

Note, for lgM⋆/M⊙ < 9.56 the ratio is negative because
the quiescent central fraction at z = 0 goes negative. For
these values of M⋆ we take all central galaxies to be active
(fQ,cen(M⋆) ≡ 0) and set the quiescent satellite fraction to
obtain fQ,all(M⋆) of Drory et al. (2009).

We can construct the same three variant models, ran-
dom, conformity, and satellite infall, using Eq. (2) above as a
base instead of Eq. (1) as was done earlier. Some differences
are immediately notable. As just described, in comparison
to the “fix sat” model, the “fix c/s” model has more (or
the same number of) quiescent centrals in all M⋆ bins at
z ≃ 0.5. Due to the increase in number of quiescent centrals
relative to the “fix sat” models, the “fix c/s-conf” varia-
tion has many more (roughly four times as many) satellites
which are active in halos with quiescent centrals, relative
to the “fix sat-conf” variation. Furthermore, unlike the “fix
sat-conf” case, there are no quiescent satellites in halos with
active centrals. We shall see the implications of this below.
For the “-h” variation, we again find a the quenching time by
assigning galaxies with the earliest infall time as quiescent,
but now up to the fraction required by Eq. (2). This quench-
ing time is much longer than that found for the “fix sat”
models, hovering above 4 Gyr for almost all stellar masses,
as can be seen in Fig. 3. Satellites take longer to quench
because many more are quiescent upon infall, and because
many fewer are needed as quiescent overall, given Eq. (2).

Further and more detailed comparisons between these
prescriptions and our other prescriptions are considered in
Sections 4 and 5.

3.3 Other models

Our four other prescriptions for when a galaxy becomes qui-
escent did not use satellite and central quiescent fractions
as a constraint. All are based on models presented in the
literature, although we have modified or applied them to
obtain the Drory et al. (2009) quiescent fraction fQ,all(M⋆)
as a function of stellar mass.

3.3.1 Maximum mass

In the “maxmass” prescription, satellites are quenched in
order of the earliest time since their maximum mass, up
to the number needed to reach the required fQ,all(M⋆) in
each M⋆ bin. Similarly to our infall times for satellites, we

smooth out the discreteness of the output times in the N-
body simulation by assigning the time of maximum mass
for each galaxy randomly and uniformly between the rele-
vant bracketing time steps (again this will erase some cor-
relations between galaxies sharing the same halo upon in-
fall). For satellites this maximum mass is also taken to be at
or before infall time – we thus exclude mass gains through
satellite merging, which can be significant (e.g. Angulo et al.
2009; Simha et al 2009; Wetzel, Cohn & White 2009). This
implicitly assumes that mass gains due to merging after in-
fall do not induce further star formation, which seems rea-
sonable. Matching fQ,all(M⋆) in each M⋆ bin then deter-
mines a quenching time, which is comparable to that of the
“fix sat-h” model (open cyan circles and red filled triangles
respectively in Fig. 3).

As the time of maximum mass is correlated with the
time of first infall into any larger halo (Wetzel et al. 2013b),
this model is similar to the WTCB model for quenching. For
comparison with their model, we also show their quenching
times in Fig. 3, both for z = 0 (which they use, solid line)
and one estimate (Tinker & Wetzel 2010) for the z ≃ 0.5
extension (dashed line).

3.3.2 Halo growth

The second of these prescriptions, which we label Ṁh, is
based on a property of average star formation histories high-
lighted by Behroozi, Wechsler & Conroy (2013a,b). They
calculated the average star formation rate as a function of
stellar mass from 0 < z < 8, and compared with simulations
to find an approximate relation

dM⋆

dt
≈ α(Mh)fb

dMh

dt
(3)

i.e. star formation rate proportional to baryon accre-
tion rate, where the baryon accretion rate is fb dMh/dt
and fb = 0.17 in their cosmology. For α(Mh) inde-
pendent of redshift, Eq. (3) would imply a redshift-
independent M⋆(Mh) relation. While the M⋆(Mh) rela-
tion does not evolve strongly, it is not completely red-
shift independent (e.g. Yang et al. 2012; Wetzel et al. 2013a;
Moster, Naab & White 2013; Behroozi, Wechsler & Conroy
2013b; Watson & Conroy 2013), and thus this model can
only be an approximation8. We make further approxima-
tions by using Eq. (3) to estimate the sSFR for individual
galaxies and then apply a cut on sSFR to classify a galaxy
as quiescent or star-forming, which is similar but not identi-
cal to an SED-based classification (as mentioned above, and
expanded upon below).

The halo mass change in Eq. (3), dMh/dt, is the change
in Mvir halo mass. We approximate the Mvir mass gain by
the FoF mass gain as the two mass definitions are close at
this redshift. In addition, the change in observed stellar mass
(the observed star formation rate, of interest to us) has a
factor of 1.11 relative to the change in the true stellar mass
given above (from Eq. (7) in Behroozi, Wechsler & Conroy
(2013a)).

8 Eq. (3) was also calibrated to simulations with a certain step
size which turns out to be different from ours, and thus is ap-

proximate for this reason as well. We thank F. van den Bosch for
emphasizing this point to us.
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Using large galaxy surveys to distinguish z ≃ 0.5 quiescent galaxy models 7

Two additional assumptions are needed to identify
which galaxies are quiescent. First of all, this approach does
not indicate what to do with satellite galaxies. In addition,
many central halos have their last significant mass gain ear-
lier than z ≃ 0.5. Setting all galaxies in these categories to
have zero star formation well exceeds the Drory et al. (2009)
quiescent fraction constraint. We instead make an ansatz,
again based upon the models in WTCB: we take galaxies to
have a star formation rate from their most recent halo mass
gain (using dMh for that step and dt for that step), but if
that time is before the present time step, we add a damp-
ing factor assuming that the star formation is decaying from
an earlier time. (Again, mass gains for satellites after infall,
due to merging, are not included.) Following WTCB, we as-
sume star formation actually started at z = 3 and that its
value at the time of most recent mass gain (given by Eq. 3)
has decayed by the time of observation. Taking the star
formation history for central galaxies ∝ ∆t exp [−∆t/τcen],
with ∆t = t − tform and tform = t(z = 3), WTCB find
τcen within 1.9 − 3.8Gyr. We take τcen = 3Gyr. The star-
formation rate at z ≃ 0.5 is then evolved from the value
given by Eq. (3) at the time of most recent mass gain using
SFR ∝ ∆t exp [−∆t/τcen]. With only this prescription, how-
ever, the model does not have enough quenched galaxies. So
in addition to increasing the star formation by using earlier
time steps, some quenching is needed to decrease the star
formation by the current time. We thus augment the model
by setting sSFR = 10−13 yr−1 for any central or satellite
galaxy which had its more recent mass gain more than a
quenching time ago, assuming this quenching time depends
upon stellar mass, similar to our earlier models. We have
three examples of quenching times from our above construc-
tions: that of the “fix sat-h”, “fix c/s-h” and “maxmass”
models, in Fig. 3. We chose to use the “fix sat-h” quench-
ing times as they gave the closest agreement to the desired
quiescent fraction fQ,all(M∗) when combined with the sSFR
cut below. (This allows some interesting model comparisons
below, as for“fix sat-h” model the times were only defined
by and used for the satellites, with centrals were assigned
randomly; and here the times are used for all galaxies.) The
quenching time is responsible for the quiescence of about
1/5 of the quiescent centrals and about 4/5 of the quiescent
satellites (these latter overlap with the “fix sat-h” satellites
as a result of using that prescription’s time scale).

The last piece needed to get some estimate of quies-
cence is a comparison of this sSFR estimate to a quies-
cence classification based on SEDs. The sSFR assignments
in WTCB suggest a cut9 between active and quiescent galax-
ies at sSFR= 10−11yr−1. A comparison of SED and sSFR
cuts for galaxies at similar redshifts is found in fig. 1 of
Pozzetti et al. (2010). Taking those numbers at face value,
a sSFR cut of 10−11yr−1 does not include any active galaxies
by the SED definition, but also neglects some quiescent ones.
We change the maximum specific star formation rate for
quiescent galaxies to 3× 10−11yr−1, which in Pozzetti et al.

9 Note that the bimodality of star formation rates seen in ob-
servations (and in WTCB) is not strong in our prescription, as
more than half of the quiescent galaxies are such because their
mass gains are before τQ(M⋆). The remainder of the quiescent

galaxies are just the low end tail of the sSFR distribution. There
is a similar issue in Mutch, Croton & Poole (2013).

(2010) would allow some admixture of active SED galaxies
but also includes more quiescent SED galaxies. The result-
ing galaxy sample gives better agreement numerically with
the SED determined quiescent fraction as a function of M⋆

in Drory et al. (2009).

Finally, we note that we do not include any scatter in
the sSFR, taking it directly from Eq. (3), and we do not self-
consistently integrate dM⋆/dt over time, instead applying it
instantaneously at z ≃ 0.5. A forward integration of Eq. (3)
may couple M⋆ and dM⋆/dt more closely, while inclusion of
scatter would obviously weaken such a correlation.

3.3.3 Stellar mass and density

Our third additional prescription, which we label “M⋆ Σ5”,
is based on Peng et al. (2010, see also Kovac et al. 2013).
These authors found that the red and blue fractions of the
zCOSMOS sample could be described by the product of two
factors, depending upon projected density Σ5 and stellar
mass,

fred(M⋆,Σ5) = ǫΣ5
+ ǫM⋆

− ǫΣ5
ǫM⋆

ǫΣ5
= 1− exp[(−Σ5/p1)

p2 ]
ǫM⋆

= 1− exp[(−M⋆/p3)
p4 ] .

(4)

with (p1, p2, p3, p4) functions of redshift. Here Σ5 is the pro-
jected density, defined by fifth nearest neighbor in a red-
shift cylinder of ±1000 kms−1, including galaxies down to
MB,AB ≤ −19.8 (for z ≃ 0.5, Kovac et al. 2010; Peng et al.
2010).

This model is particularly interesting for our purposes
because it does not specifically refer to halo mass or to
central/satellite designation. However we need to modify it
slightly. Although we have M⋆ for each galaxy, the projected
density assignment as used by Peng et al. (2010) relies upon
a sample selected with MB , and MB depends upon color,
which is related to quiescence, which we are trying to find.
In addition, the parameters pi in Eq. (4) are tuned to sepa-
rate galaxies into red and blue (i.e. using observations based
upon a color cut), rather than quiescent and active. We make
two modifications as a result.

Instead of using an MB-limited sample to define pro-
jected density, we use an M⋆-limited sample. We choose the
minimum M⋆ to give the same galaxy number density as the
number of galaxies passing theMB cut of Peng et al. (2010).
At z ≃ 0.5, the MB limit is MB,AB ≤ −19.8. This corre-
sponds to a density of 10−2 h3 Mpc−3 using the COMBO-
17, DEEP2 and VVDS B-band luminosity functions quoted
in Faber et al. (2007). Matching this number density fixes
our threshold M⋆ ≃ 8 × 109M⊙. The projected density Σ5

is then the inverse square of the distance to the 5th nearest
neighbor within the cylinder divided by its average value for
a sample of random positions within the box.

Using Σ5 and M⋆ in Eq. 4 gives each galaxy in our box
a probability of being red, defined by the color cut chosen
in Peng et al. (2010). The resulting fQ,all(M⋆) well exceeds
that of Drory et al. (2009). This is not surprising. As men-
tioned earlier, color cuts tend to classify more galaxies as
quiescent (red) than an SED (our comparison Drory et al.
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(2009) sample) or sSFR based cut.10 Our Σ5 assignment
based upon M⋆ rather than MB might be also a factor, how-
ever, this red fraction in our box is a good match to that
in Knobel et al. (2013), including central and satellite red
fractions as a function of M⋆. (For this test we also use the
Knobel et al. (2013) stellar mass function for consistency.)

Our prescription is thus to keep the form of the
Peng et al. (2010) model, but to modify the parameters to
match the fQ,all(M⋆) of Drory et al. (2009). As Peng et al.
(2010) tuned their parameters using the measured dis-
tributions of quiescence as a function of both Σ5 and
M⋆, while we only have fQ,all(M⋆), our modifications can-
not be unique. (Some degeneracy is expected as there is
some correlation of high M⋆ with high Σ5.) We found
(p1, p2, p3, p4) = (202, 1.71, 1.56 × 1011, 0.69) fit our fiducial
fQ,all(M⋆, z = 0.5) quite well, which corresponds to multi-
plying the Peng et al. (2010) default values (from their table
2, averaged for two redshift bins) by (3.2, 2.5, 2.5, 1.1).

3.3.4 Starvation

Our last prescription is based upon a pro-
posal by Hearin & Watson (2013), see also
Zentner, Hearin & van den Bosch (2011), of “age match-
ing”. These authors assign r-band luminosities to a
simulation similar to ours using subhalo abundance match-
ing, and then order galaxies in luminosity bins according
to a redshift zstarve (roughly a quenching time). Galaxies
with the earliest zstarve are taken to be quiescent, up to
the total number required (for us set by Drory et al. 2009).
Hearin & Watson (2013) define zstarve as the maximum
(earliest) of three possible redshifts:

-when the host halo equals or exceeds 1012 h−1M⊙.
-when the galaxy becomes a satellite.
-when the host halo growth rate slows down.

Each of these redshifts is taken to be zero if it never oc-
curs. Hearin & Watson (2013) use Mvir in the first condi-
tion, while we shall instead use MFoF. The two definitions
are close at the redshifts of interest. The halo growth rate is
taken from Wechsler et al. (2002). While Hearin & Watson
(2013) use a relation between concentration and halo growth
rate, we instead use the definition of Wechsler et al. (2002):
d logMhalo/d log a ≡ ∆ logMFoF/∆ log a < 2. We search
through the time steps in the simulation to find the ear-
liest time that the halo growth rate dropped below, and
subsequently stayed below, the threshold growth rate.

As in our previous models, we bin on M⋆ (rather than r-
band luminosity). We assign quiescent galaxies based upon
the galaxies with the highest zstarve in each of 100 stel-
lar mass bins. The last condition (slow down in growth)
accounts for slightly more than 60 per cent of the zstarve,
with the remainder of the assignments split approximately
equally between the other two conditions.

A fifth additional model which we implemented, but
which we do not include below, is that of Lu et al. (2013).
These authors assign star formation rate based upon halo
mass, infall time for satellites, and stellar mass. Using their

10 See also Tinker et al. (2013) for discussion of different quies-
cent fractions in these models.

preferred model we found quiescent fractions too large to
be consistent with Drory et al. (2009). In particular their
model had a very short satellite quenching time, making
essentially all satellites quenched. While there are combina-
tions of parameters in their prescription which give longer
quenching times, without repeating their full likelihood anal-
ysis we could not identify combinations which matched the
our required quiescent fraction and the other constraints
they imposed.11

3.4 Summary of the models

The quiescence criteria above result in 10 galaxy catalogues,
differing only by which galaxies are marked as quiescent.
The next step is to compare measurements on all these cat-
alogues, however it is first useful to summarize how the pre-
scriptions differ. A comparison of the criteria used in deter-
mining quiescence (central or satellite in halo, infall time,
halo mass change, etc.) is given in Table 1. In words, the
criteria for quiescence can be briefly described as:

“fix sat” and “fix c/s” set quiescent satellite and central
fractions using Eqs. (1, 2) respectively and fQ,all(M∗), and
then assign quiescence randomly

“fix sat-conf” and “fix c/s-conf” as above but put qui-
escent satellites preferentially in halos with quiescent cen-
trals (the rest are random)

“fix sat-h” and “fix c/s-h” randomly assign some satel-
lites as quiescent at infall using proposed higher redshift
behavior, assign rest of quiescent satellites in order of in-
fall time to reach the desired quiescent fraction

“maxmass” assign galaxies which reach their maximum
mass the earliest as quiescent, up to the total quiescent
fraction desired

Ṁh take sSFR from most recent halo mass gain; also assign
galaxies as quiescent if the most recent halo mass gain is
before time scale found in “fix sat-h”

M⋆ Σ5 quiescent probability from the stellar and (pro-
jected) local density using Eq. (4).

zstarve ranks galaxies by earliest of three possible starvation
times; assigns quiescence to galaxies in order, up to the
number needed.

4 COMPARISONS: INTRINSIC

With these catalogs in hand we wish to see in what ways the
different prescriptions lead to different populations of qui-
escent galaxies. We begin with a discussion of the intrinsic
properties, before turning to the observational consequences
in Section 5.

Two intrinsic properties are imposed on the catalogues
by construction. The first is the stellar mass function, shown
in Fig. 1 and implemented identically in all the catalogues.
The second, the quiescent fraction of all galaxies as a func-
tion of stellar mass, fQ,all(M⋆), was used implicitly or ex-
plicitly in the catalogue construction as well (and used to
exclude the model of Lu et al. 2013 which did not provide
a good match to this function). In Fig. 2, the observations

11 We thank Z. Lu for discussions of their work.
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Model
cen or
sat

sat infall
time Mh(t)

nearby

galaxies Ṁh

“fix sat”
“fix c/s” x
“fix sat-conf”
“fix c/s-conf” x x
“fix sat-h”
“fix c/s-h” x x

“maxmass” x (x) x

Ṁh x x x

M⋆Σ5 x

zstarve x x x x

Table 1. Summary of which physical properties were used to assign quiescence for each of the galaxy catalogues. Some catalogues assign
quiescence only using whether a galaxy is a central or satellite, in contrast, the M⋆ Σ5 catalog does not refer to host halos at all. Only
one model (zstarve) depends upon host halo mass explicitly. Several models depend upon infall time for satellites, the “maxmass” model
only does because mass gain by definition does not happen after infall.

of Drory et al. (2009) are shown along with the measure-
ments from the models. While the models generally repro-
duce fQ,all(M⋆) quite well, the match is not perfect for all of
them. In particular, the M⋆ Σ5 and Ṁh prescriptions have
slight excesses at low M⋆, and the Ṁh model is also high at
high M⋆, although in-between it matches the others fairly
well.

We now consider measurement other than these two
intentionally degenerate properties to highlight differences
between the catalogues.

4.1 Central and Satellite Quiescent Fractions

The quiescent fraction of all galaxies as a function of stellar
mass, fQ,all(M∗) above, can be decomposed into central and
satellite contributions. These are challenging to obtain ob-
servationally, which is in part the reason why WTCB pro-
pose two different z ≃ 0.5 quiescent satellite and central
decompositions (the starting points for our “fix sat” and
“fix c/s” models). However, understanding the way in which
these functions differ between the models will help us to un-
derstand the observational trends in the next section, and
which observations bear most directly upon this separation.

The breakdowns into quiescent central (fQ,cen fcen) and
quiescent satellite (fQ,sat fsat) galaxies for our catalogues are
shown in Fig. 4. For context we also reproduce the total
quiescent galaxy fraction of Drory et al. (2009) from Fig. 2.
The solid and dot-dashed lines for the “fix sat” (red) and “fix
c/s” (blue) models show the “fix c/s” model almost always
has the same number or more quiescent central galaxies than
the “fix sat” model, as we have remarked before. This is a
direct consequence of the assumed redshift dependence of
fQ,sat. If the decrease in quenched fraction with increasing
redshift is borne entirely by the central galaxies, rather than
being shared equally by the central and satellite galaxies,
then fQ,cen is very small.

Note that the models separate into two groups, with the
zstarve prescription lying in-between. The trends in the cen-
tral, quiescent galaxies are mirrored for the quiescent satel-
lites as the sum is fixed. The models with conformity and the
“-h” models have the same fractions as their parent mod-
els, because those models simply “shuffle” the quiescent or
satellite galaxies into different halos.

Three of the four models which do not specify the satel-
lite and central quiescent fractions directly have strong sim-

ilarities to the “fix sat” or “fix c/s” models. In part this is
because the quenching prescriptions lead to overlap of the
quenched populations. The Ṁh model uses the quenching
time after satellite infall of the “fix sat-h” model, ∼90 per
cent of the Ṁh model quenched satellites coincide with 80
per cent of the “fix sat-h” quenched satellites. The “max-
mass” model also has ∼90 per cent of its satellites in com-
mon with the “fix sat-h” model (and a similar percentage in
common with the Ṁh satellites). These models have much
less overlap in their quiescent centrals: quiescent centrals are
randomly chosen for “fix sat-h”, while those for Ṁh are qui-
escent because recent mass gain was too small or too long
ago, and for “maxmass” because largest mass was too long
ago. About 2/3 of the “maxmass” quiescent centrals are also
Ṁh centrals, but only about 1/3 of Ṁh and “maxmass” cen-
trals overlap with “fix sat-h” quiescent centrals. As about
three times as many central galaxies as satellite galaxies
differ between the “maxmass” and Ṁh models relative to
the “fix sat” models, central galaxy population differences
might be the source of observational differences between the
“maxmass” and Ṁh models and the “fix sat” model.

At lower M⋆ the satellite fraction is relatively large,
and satellites can saturate the required red fraction. Since
the halos of central galaxies tend to gain mass more rapidly
than those of satellites (whose last mass gain was prior to
their infall) the Ṁh and “maxmass” models predict a very
small fraction of quiescent, low M⋆ centrals.

By contrast, theM⋆ Σ5 model lies close to the initial “fix
c/s” fractions. This model has more low-M⋆, quiescent cen-
trals than most of the others. In practice, the model makes
little distinction between centrals and satellites, as the pa-
rameters (p1, p2, p3, p4) which we found to fit the fQ,all(M⋆)
constraint imply fQ,sat(M⋆) ≈ fQ,cen(M⋆). These fractions
are also fairly close for the “fix c/s” models in Fig. 1. If
the satellite and central quiescent fractions are close, more
central galaxies will be quiescent because they outnumber
satellites at any given M⋆. (This satellite/central blindness
is not necessarily part of the M⋆ Σ5 form for assigning quies-
cence. At fixed stellar mass, there is a Σ5 difference on aver-
age between satellites and centrals, and parameters such as
those in Peng et al. (2010) can lead to a large difference be-
tween fQ,sat(M⋆) and fQ,cen(M⋆).) But by sampling a wide
range of parameters, it seems that getting fQ,all(M⋆) low
enough at low M⋆ requires raising p1 at low M⋆, thus taking
fQ,sat(M⋆) towards fQ,cen(M⋆) as we found.)
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Figure 4. Contributions to the total quiescent fraction from central (left) and satellite (right) quiescent galaxies, as a function of stellar
mass. Line types for each of the catalogues are as in Fig. 2, as are the smooth blue lines representing an observational range for the total
quiescent fraction. The prescriptions roughly separate into two groups for both central and satellite galaxies, with the zstarve prescription
lying in-between. The “fix c/s” prescription lies in the group with more quiescent central galaxies as a function of M⋆, while the “fix
sat” prescription is in the group with fewer quiescent central galaxies. (The trend is reversed for the satellite quiescent galaxies, as the
sum is fixed).

We now turn from quiescent satellite and central stellar
mass functions to the question of which halos these satellites
and central galaxies occupy.

4.2 Quiescent Galaxy Halo Occupation

The manner in which the low- and high-mass quiescent cen-
tral and satellite galaxies are distributed among halos differs
significantly between the models. In this section we ask: “in
which types of halos are quiescent galaxies found?”

Fig. 5 shows the average number of quiescent galax-
ies per halo (the “halo occupation number” or HON;
Peacock & Smith 2000; Seljak 2000; Cooray & Sheth 2002),
as a function of halo mass. At left we plot all quiescent
galaxies, at right only central quiescent galaxies. The aver-
age number of all galaxies per halo is also shown for reference
as the black line (and is the same for all models). The qui-
escent fraction as a function of halo mass is just the ratio of
each model line to this black line, it is largest at high mass
for the “fix sat-conf”, “maxmass” and Ṁh models. (The ac-
tive galaxy HON – the difference of the black solid line and
any of the other curves – follows a rising power law for all
of the models as well12).

As was the case for the quiescent fractions, the quiescent
galaxy HON’s split roughly into two groupings, which cross
around Mh ≃ 2× 1012 h−1M⊙.

The “fix c/s” model has more quiescent, central galax-
ies at low M⋆ than the “fix sat” model. This in turn implies
more quiescent galaxies in low mass halos and a shallower
HON. Within the “fix sat” and “fix c/s” classes, the “-conf”

12 We thank P. Behroozi for discussing this measurement with
us.

models have more quiescent satellites in more massive halos,
as these are the halos most likely to host quiescent centrals.
Similarly, the “-h” models have more quiescent galaxies in
massive halos than their random counterparts because such
halos typically host more satellites (of a given stellar mass)
that fell in long ago – arising from a combination of reduced
dynamical friction and earlier halo formation time. A simi-
lar effect operates for the “maxmass” prescription, because
satellites which have reached their highest mass long ago
tend to have fallen in long ago, and thus are again more
prevalent in high mass halos.

The M⋆ Σ5 model HON again seems very similar to the
random “fix c/s” model. In both, the satellite and central
quiescent fractions are much closer to each other than the
other models. This large central quiescent fraction at low
M⋆ can be seen in Fig. 4 for both models. Since low M⋆

centrals live in low mass halos, this in turn explains the low
Mh behavior of the HON. Again, this behavior seems to be
built into the M⋆ Σ5 model by requiring the form of Eq. (4)
to have low enough quiescent fraction at low M⋆ (to match
our Drory et al. (2009) constraint).13

It is notable that the quiescent galaxy richness of clus-
ters can vary by over a factor of two, i.e. the quiescent galaxy
HON is very model dependent. This implies that the HON,
or the cluster luminosity function for clusters of a wide range
of masses, can provide a strong discriminant between mod-
els (this has been considered in e.g. Tinker et al. 2012). The
differences in the number of quiescent galaxies as a function

13 Even though quiescence tends to go with high density and
satellites tend to have higher densities, there are many more low

density centrals at low M⋆, which somewhat cancel out the pref-
erence for quiescent satellites.
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Figure 5. Left: quiescent galaxy HON for our models (line types as in Fig. 2). The top mass bin is wider than the lower ones in order to
have at least ten halos in it: the halo to halo scatter can be large, especially in the “-conf” model where changing a central galaxy between
quiescent and active in principle changes all the satellites as well. This leads to the features in the dot-dashed, blue “fix c/s-conf” model.
Note that the quiescent galaxy richness can vary by a factor of two between models for the highest mass halos, i.e. galaxy clusters. Right:
quiescent central galaxy HON. In both panels, the black solid line is the HON of all galaxies.

of host halo mass has implications for the physical role halo
environments and membership play in turning galaxies from
active to quiescent.

4.3 Quiescent Galaxy Distribution in Clusters

In addition to measuring the number of galaxies in a halo of
a given mass, we can ask how these galaxies are distributed
within the halos (i.e. the profile). Aside from the M⋆ Σ5

prescription, and to some extent the “-conf” models, spatial
properties are not used to define which galaxies are quiescent
– so any dependence arises due to correlations with other
properties which are used in the models.

For the 18 most massive clusters in the simulation
(Mh ≥ 2 × 1014 h−1M⊙) we stacked the counts of quies-
cent galaxies in bins of radial distance from the most bound
particle within the halo (which is very close to the mini-
mum of the halo potential and the density peak). We used
logarithmically spaced bins in r/rvir, where rvir is the virial
radius14. The total number of quiescent galaxies in clusters
changes from model to model, as already shown in Fig. 5.
To highlight the additional information given by the profile,
we normalize the stacked counts for each model at r = rvir.
The resulting profiles are shown in Fig. 6.

In all of the models the quiescent galaxy radial profiles
tend to be more centrally concentrated than those of all

14 We take rvir = 0.92 r180b, where r180b is the radius at which
the average density within the cluster reaches 180 times the av-
erage background density. This radius is measured from the halo
center using all of the particles in the simulation (not just group
members). The factor 0.92 is the conversion between r180b and

rvir for a c = 4 Navarro, Frenk & White (1996) halo at z = 0.5,
calculated as described in White (2001).

galaxies (the solid black line), reminiscent of the well-known
morphology- and color-density relations (e.g. Dressler et al
1997; Treu et al 2003; Balogh et al 2004; Kauffmann et al
2004; Postman et al 2005; Christlein & Zabludoff 2005;
Loh et al 2008; Skibba et al 2009; Cibinel et al 2013;
Lackner & Gunn 2013; Muzzin et al. 2012). Amongst the
models, the “fix c/s-h” and zstarve models are the most cen-
trally concentrated (this increase in concentration is due to
a quicker drop off in quiescent galaxy density at high ra-
dius compared to many of the other models). The weak
but non-zero correlation between infall time and radius
(Oman, Hudson & Behroozi 2013)15 imprints a radial de-
pendence for the zstarve model. The large number of quies-
cent galaxies in the M⋆ Σ5 model near the cluster centers is
a direct consequence of the increase of the quiescent fraction
with projected density (Eq. 4).

5 COMPARISONS: OBSERVATIONAL

In summary, the models produce different numbers of qui-
escent centrals and satellites, place them in different halos
(HON) and in different places in halos (profile). These re-
sults are very useful for understanding the differences be-
tween the models but are challenging to access observation-
ally. They do however drive differences in quantities which
can be probed observationally, for example the change in
the HON leads to changes in the galaxy correlation func-
tion or in the richness distribution of groups. We now turn
to such statistics and describe how the differences we have
seen above translate into differences in the observables.

15 Also, Wetzel et al to appear.
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Figure 6. Quiescent galaxy radial profile, for the 18 z ≃ 0.5
clusters with M ≥ 2× 1014 h−1M⊙, rescaled at r = rvir to agree
with the total galaxy distribution (black line). Line types are as
in Fig. 2.

5.1 Quiescent galaxy correlation function

One of the most basic measurements that can be made on
any population of objects is its two-point correlation func-
tion. In recent years it has become standard to use measure-
ments of the correlation function to infer the halo occupation
distribution (shown in Fig. 5). We thus expect the correla-
tion function to be a useful diagnostic of these models.

5.1.1 Auto-correlations

We use the Landy & Szalay (1993) estimator to measure the
(auto-)correlation functions for our catalogs. The results for
the real-space correlation function are shown at the top of
Fig. 7, with the ratios of each model to the full galaxy real-
space correlation function below (to highlight the differences
between models). Errors are shown for only 4 cases to avoid
clutter in this and subsequent figures. The box is split into
octants to compute the errors, which represent the error in
the mean of the octants. They thus indicate how well a sur-
vey of comparable volume to our box could determine ξ(r).16

Clearly, several of our prescriptions cleanly separate with a
volume comparable to our simulation. The difference be-
tween the curves in comparison to the errors can be used to
indicate the observational requirements to distinguish them.

The correlation function trends are as expected from

16 While we primarily show real space auto-, cross- and marked
correlations here and below, the trends we focus on are possible
from combinations of their redshift space counterparts such as

Fig. 8, as well as being accessible via construction of real space
quantities themselves.

the halo occupations in Fig. 5: models with more galaxies
in higher mass halos cluster more strongly on both large
and small scales. The large-scale clustering is set by the
bias, which is determined by the mean, galaxy-weighted,
halo mass. The small-scale clustering is set by the number
of central-satellite and satellite-satellite pairs within a single
halo. Satellites with the longest time since infall (taken as
quiescent for “fix sat-h”) or since maximum mass (taken as
quiescent for “maxmass”) reside in the most massive clus-
ters, so the corresponding quiescent samples cluster more
strongly than the randomly chosen quiescent galaxy sample
does. In addition, the “-conf” models tend to put more qui-
escent satellites in high mass halos, as most of the high mass
halo central galaxies are quiescent. (This model also has the
largest variance as changing one central galaxy to or from
quiescent in a rare halo can significantly change the num-
ber of quiescent satellites for that halo mass and thus the
number of quiescent galaxies with many nearby neighbors.
This suggests that surveys aimed at ruling out this model
need to sample a large volume with a representative sample
of high-mass halos.)

The impact of the radial profile within massive halos on
ξ(r) is not very strong. While the models separate in Fig. 6
we see two degeneracies seen in the HON in ξ(r) as well: the
M⋆ Σ5 and random“fix c/s” models, and Ṁh and “fix sat-h”
models are also close (the latter two have significant overlap
in their populations as mentioned earlier).

In practice the three dimensional real-space correlation
function is found by “deprojecting” either the projected
correlation function (to minimize the influence of redshift-
space distortions) or the angular correlation function (if only
coarse distance estimates are available). If accurate redshifts
are available for the galaxies, the redshift space correlation
function can in principle carry additional information, at
least in part because the small-scale clustering is affected
by fingers-of-god and thus is sensitive to the satellite frac-
tion in massive halos. To bring the comparison closer to the
observational plane, the projected correlation function

wp(rp) =

∫ zcut

−zcut

ξ(rp, z) dz (5)

is shown in Fig. 8, where we see it exhibits similar behavior
to ξ(r). In Eq. (5), rp is the separation in the plane of the sky,
z is the separation along the line-of-sight in redshift space
and zcut is a cutoff in the line-of-sight direction. Ideally zcut
is very large so that the the cutoff doesn’t matter, however,
our 125 h−1Mpc on-a-side octants are relatively small which
argues against using very large zcut. One can still define and
measure wp(rp) with a small zcut, but the zcut should be
matched when comparing theory and observation. Through-
out we use zcut = 25h−1Mpc, thus considering cylinders
50h−1Mpc deep in the redshift (velocity plus position) di-
rection within each of the eight 125 h−1Mpc octants in the
box.

We also computed the angle-averaged, or monopole,
redshift correlation function, ξ(s). The trends and differ-
ences between the models in ξ(s) closely followed those seen
in ξ(r), indicating that both statistics are comparable in
their discriminating power and the additional sensitivity to
e.g. the fingers-of-god is small. (The most noticeable differ-
ence in ξ(s) is that the “fix c/s-conf” model increases its
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Figure 7. Top: three dimensional real-space correlation function,
ξ(r). The solid black line is the correlation function of all galaxies,
ξall(r); other line types are as in Fig. 2. For clarity, representative
error bars are shown only for four examples. Just as in the HON,
the M⋆Σ5 model and random “fix c/s” models are roughly degen-
erate, as are the Ṁh and “hist sat” models (which have ∼ 80%
overlap in their populations). The strongest clustered prescription
at short distances (red dot-dashed line) is “fix sat conf”, i.e. the
galactic conformity model with the larger number of quiescent
satellites, as expected again from the HON. The zstarve quiescent
galaxy correlation lies between the other two sets of trends, again
as expected from the HON in Fig. 5. Bottom: ξ(r)/ξall(r) for each
quiescence prescription, which highlights differences between the
models. Note the linear vertical scale.

Figure 8. Projected correlation function, wp, for same 10 mod-
els as in Fig. 2, integrating over ±25h−1Mpc in the redshift di-
rection. The model separations are similar to those seen in the
isotropic three dimensional correlation function (Fig. 7, top).

relative clustering at low separation, making it easier to dif-
ferentiate it from the “fix c/s-h” model.)

5.1.2 Cross-correlations

While it is not as commonly employed, it is also possible to
measure the cross-correlation17 between quiescent and star-
forming galaxies (or between either population and the full
sample). As an example we show the cross-correlation func-
tion, ξ×(r), between quiescent and star-forming galaxies at
top in Fig. 9. The differences between models are not large,
and appear mostly at small scales. This cross-correlation is
most useful in testing the models which invoke conformity
(especially the “fix sat-conf” model from the rest). Models
which exhibit galactic conformity have fewer pairs of quies-
cent and star-forming galaxies within a single halo (prefer-
ring to have all of one type, the same as the central) so the
cross-correlation is suppressed on small scales. The trend is
less pronounced in the “fix c/s-conf” model, which has more
halos where central and satellite galaxy quiescence are mis-
matched. The cross correlation divided by a reference power
law model, shown in the lower half of Fig. 9, more clearly
separates the models.

We also show the projected cross correlation function in
Fig. 10. It is defined analagously to Eq. 5 and again limited
to small zcut = 25 h−1Mpc in the redshift direction because
of our box size.

17 We thank F. van den Bosch for suggesting this measurement.
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Figure 9. Top: Three dimensional cross-correlation function be-
tween quiescent and active galaxies for each catalogue. Line types
are as in Fig. 2. The “fix sat-conf” model most clearly separates
out from the others at small separations. Bottom: Dividing by
a reference power law model, ξref (r) = 20(r[Mpc/h])−1.7. Just
as in the auto-correlation function, this highlights differences be-
tween the models, although due to the larger error bars many
differences here are not significant.

Figure 10. Projected (±25h−1Mpc in redshift space) cross-
correlation function between quiescent and active galaxies for
each catalogue, showing similar trends to its isotropic counter-
part at top in Fig. 9. Line types are as in Fig. 2.
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Using large galaxy surveys to distinguish z ≃ 0.5 quiescent galaxy models 15

Figure 11. Group multiplicity function (the number density of
groups with N or more quiescent galaxies) for the mocks with
line types as in Fig. 2. Groups are defined using a redshift space
Friends-of-Friends algorithm as discussed in the text.

5.2 Group multiplicity function

One way to constrain the manner in which galaxies occupy
halos is to model the galaxy correlation function, assuming
a particular profile and parameterized halo occupation dis-
tribution. An alternative method is to measure the number
of groups of objects of a given richness, i.e. the group mul-
tiplicity function. Differences between models or between
models and observations are of course easier to interpret
the more closely the richness measure (or other observable)
tracks halo mass, but even relatively coarse measures can be
interpreted with the aid of mock catalogs.

There are numerous methods for constructing group
catalogs, which rely on a wide array of differing assumptions.
It is not our intention here to perform an exhaustive compar-
ison, but rather to illustrate the potential of this measure-
ment as a diagnostic. For our example we assume we have
redshifts for each of our quiescent galaxies and find groups
using a Friends-of-Friends algorithm in redshift space (e.g.
Huchra & Geller 1982). We follow Berlind et al. (2006, see
also Hearin et al. 2013a, who used it to study abundance
matching) and set the linking lengths in the line-of-sight
and perpendicular directions as b⊥ = 0.14 and b‖ = 0.75,
both measured in units of the mean inter-galaxy separation
and including only quiescent galaxies in the input catalog.
We define richness to be the number of (quiescent) galaxies
associated with each group. Fig. 11 shows the cumulative
number density of groups as a function of richness, for the
different catalogs.

The basic trends in Fig. 11 can be understood by refer-
ence to the HON in Fig. 5. The “fix c/s” and M⋆ Σ5 models
have the fewest rich groups, because they have the fewest
quiescent galaxies per massive halo (Fig. 5). By contrast

the “maxmass” and “fix sat-conf” models, which have many
quiescent galaxies in massive halos, have a relatively large
number density of rich groups. In general we see that the im-
perfections involved in constructing the group finder (i.e. the
impurity and incompleteness) do not qualitatively change
the trends present in the underlying models. This suggests
that a sufficiently accurate group catalog would provide a
strong discriminant between the models. Because it opens
up a large parameter space, we leave an examination of other
group finding methods, and methods which can work with
photometric redshifts, for future work.

5.3 Two dimensional profile in clusters

One can also consider the observational counterpart of the
three dimensional cluster profile (Fig. 6), the two dimen-
sional cluster profile. Here galaxies are counted within a
redshift cylinder of the cluster center. However, accurately
estimating the observational scatter is more challenging with
our mock catalogues, as it relies upon the accuracy of the
cluster mass (determining rvir) and cluster centering, both
of which include significant assumptions besides those used
in the construction of the catalogue. To bound the informa-
tion one could obtain from this measurement we consider
the case where the group center and rvir are known perfectly.
In this limit the most notable distinction this measurement
provides is between the M⋆ Σ5 and “fix c/s” models. How-
ever as we will see below, this can be obtained with other
more direct observations.

5.4 Distribution of projected density: Σ5

TheM⋆ Σ5 model of Peng et al. (2010) used a projected den-
sity, Σ5, in determining which galaxies are classified as quies-
cent. This is a property that can be used to help discriminate
amongst models, even when the models make no explicit ref-
erence to it. There are many types of density one could define
(for a comparison, see, e.g., Haas, Schaye & Jeeson-Daniel
(2012); Muldrew et al. (2012)), we shall consider Σ5 because
it has been studied in this context by Peng et al. (2010) and
is used as input to one of our models.

The distribution of Σ5 across the whole galaxy sample
is approximately lognormal, as expected. However the dis-
tributions of Σ5 for the quiescent galaxies, in raw counts
and as a fraction of all galaxies (Fig. 12), discriminate quite
strongly among the models. Models split into two groups,
mostly determined by the quiescent satellite fraction as a
function of stellar mass. Models with a large number of qui-
escent central galaxies tend to have overall more galaxies
at lower Σ5 (Fig. 12, top). (Central galaxies are a minor-
ity population for high densities, only reaching at least half
of the galaxies for projected densities <

∼ 10.) A slightly dif-
ferent division between the models is seen in the quiescent
galaxy fraction (Fig. 12, bottom). Differences become the
most pronounced at the high density tail (Σ5

>
∼ 102), com-

posed almost entirely of satellites in rich groups or clusters.
The general shape of the quiescent fraction (Fig. 12, bot-
tom) is expected: the rise of the quiescent fraction to high
M⋆ implies that higher M⋆ satellites are generally quiescent
and such satellites lie predominantly in massive halos.

The “fix c/s” model has the lowest quiescent fraction at
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high Σ5 – Eq. (2) requires many low-M⋆, central galaxies to
be quiescent. This means the satellite galaxies in the same
M⋆ bin must be star-forming, removing the high-Σ5 popu-
lation in Fig. 12. The “fix c/s-conf” model favors galaxies
in high mass halos with a star-forming central to be star-
forming, removing quiescent galaxies from these high den-
sity halos. This is somewhat counteracted for the “fix c/s-h”
models as the longest lived satellites tend to be in the higher
mass halos. The M⋆ Σ5 model has the highest quiescent frac-
tion for highest Σ5, partly by construction. Next highest are
the “fix sat-h”, Ṁh and “maxmass” models. These models
turn galaxies quiescent based upon infall time and galaxies
that fell in earlier tend to be in higher mass halos and thus
denser environments.

In is encouraging that two models which were quite close
in their HON, M⋆ Σ5 and “fix c/s”, separate cleanly by look-
ing at the high projected density tail of the quenched frac-
tion.

5.5 Marked Correlation Functions

In addition to looking at the distribution of Σ5, we can
use the projected density as a weight when computing the
two point function, creating a “marked” correlation func-
tion (Sheth, Connolly & Skibba 2005; Harker et al. 2006;
Skibba et al 2013). Such a function is straightforward to
compute if ξ(r) can be computed and can be used to
break degeneracies in modeling the occupation distribution
(White & Padmanabhan 2009).

The marked correlation function, M(r), is defined as

M(r) =
1

n(r)m̄2

∑

ij

mimj (6)

where the sum is over all galaxy pairs, i and j, which are sep-
arated by r andmi andmj are the marks, n(r) is the number
of pairs in the bin and m̄ is the average mark in the sample.
M(r) 6= 1 on scales where the clustering of objects depends
upon the mark. One of the advantages of a marked corre-
lation function, from an observational perspective, is that
it is simple to modify a code which computes ξ(r) to also
compute M(r). No further information is needed (beyond
the marks and galaxy positions). In fact, one does not even
need a random catalogue due to the cancellation between
the numerator and denominator. It is also relatively easy to
estimate the errors (Sheth, Connolly & Skibba 2005). We
will focus here on the three dimensional marked correlation
function but there is no reason one cannot use the projected
or angular version instead.

If we take our mark, mi, to be the projected density Σ5

of the ith galaxy, the resulting M(r) is shown in Fig. 13. For
comparison, we also show the marked correlation function
for all (not just quiescent) galaxies as the solid black line. As
expected, the M⋆ Σ5 quiescent galaxies cluster differently, as
the mark Σ5 was used in their selection. There is a feature
between 1 and 2h−1Mpc, roughly at the virial radius of
massive halos. Some similarities between the model ordering
at small radius and the stacked and rescaled cluster profiles
(Fig. 6) is apparent.

If the dynamic range in the mark is very large, then
there is some concern that M(r) can become sensitive to
rare outliers. A simple way around this is to modify the

Figure 12. Total number (top) and fraction (bottom) of quies-
cent galaxies at a given projected density, Σ5, which are quiescent.
Line types as in Fig. 2.

mark from Σ5 to

Σ̃ ≡
Σmax Σ5

Σmax + Σ5

(7)

with Σ̃ ≃ Σ5 for Σ5 ≪ Σmax and Σ̃ ≤ Σmax. Fig. 12 sug-
gests that Σmax = 300 is a reasonable choice, and we take
that as our fiducial value. The resulting M̃(r) is shown in
Fig. 14. Similar behavior is seen as we vary Σmax from 30 to
300 suggesting the features we see in Fig. 13 are stable and
robustly present in the catalogs. As M(r) and M̃(r) com-
bine projected density and galaxy number, an enhancement
at small scales could be due to many galaxies with a small
mark, or few galaxies with a large mark. To differentiate, we
removed the 3-7 per cent of galaxies with Σ5 ≥ 102 from the
catalog. This only decreases the radius below which these
models dominate (to ∼ 800 h−1kpc/h), but does not erase
the separation. Thus we infer the small-scale enhancement
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Figure 13. Marked correlation function, M(r), for quiescent
galaxies. Line types are as in Fig. 2 and the solid black line is
M(r) for all galaxies. The mark is the 5th nearest neighbor pro-
jected density, Σ5, of Peng et al. (2010). Error bars indicate the
error on the mean M(r) from 8 disjoint octants of the box. The

M⋆ Σ5 models separates out cleanly from the others.

is driven by a large number of galaxies, not simply the dense
tail of the distribution.

In this section we considered several observational mea-
surements and how they separated out the different quies-
cent galaxy catalogues. Now we turn to general results and
implications of the intrinsic and observational measurements
the the ensemble of catalogues.

6 DISCUSSION

We generated a set of mock galaxies by assigning stellar
masses to subhalos in an N-body simulation via abundance
matching. These mock galaxies match, by construction, the
stellar mass function of Drory et al. (2009), as shown in
Fig. 1. We then marked a fraction of these galaxies as qui-
escent, using 10 prescriptions adapted from the literature.
All of the prescriptions are tuned give a good fit to the total
quiescent fraction as a function of M⋆, as shown in Fig. 2,
but differ in their assumptions about which properties are
important in determining quiescence and in how they incor-
porate centrality, environment and history.

The number of implied quenching mechanisms differs as
well. Two are used in the “fix sat”, “fix sat-h”,“fix c/s”, “fix
c/s-h” models (for satellite and for central galaxies), and for
the M⋆ Σ5 model (stellar mass and projected density), while
“fix sat-conf”, “fix c/s-conf” might allow one mechanism
across a shared halo. The “maxmass”, Ṁh models have one
mechanism, combined with no mass gains for satellites, while
the zstarve model has three mechanisms.

We investigated the consequences of these different

Figure 14. Marked correlation function, M̃(r), for quiescent
galaxies using Eq. (7) as the mark with Σmax = 300. Line types

are as in Fig. 13 and the solid black line is M̃(r) for all galaxies.

quiescence assumptions for intrinsic galaxy properties and
observational measurements, at one fixed redshift. Mod-
els differed in intrinsic properties such as halo occupation
and galaxy profiles within massive halos, although the cen-
tral/satellite split as a function of stellar mass was degener-
ate for several of them. Observationally, we considered mea-
surements derived from galaxy positions and stellar masses.
Promisingly, we found that almost all of the models could
be separated from each other by some combination of obser-
vations, if measurement errors could be made small enough.
While many of the models could be distinguished based on
very traditional measurements such as the auto- and cross-
correlation functions, we also saw that less often considered
statistics such as the group multiplicity function and the
(projected) density-marked correlation function allowed us
to further break degeneracies between models. We advocate
that these statistics be reported in future.

We now turn to intrinsic and observational proper-
ties and how they relate to each other and to mecha-
nisms/models for quenching star formation. We saw that
the fraction of lgM⋆/M⊙ ≃ 10 quenched galaxies which
were central or satellite roughly divided the models into two
groups. The strongest division was between different choices
for the evolution of the quenched satellite fraction with red-
shift, as expected, but this division also strongly separated
theM⋆ Σ5 model from the ones in which SFR ∝ Ṁh or where
quiescence was based upon the time at which the subhalo
achieved its maximum mass, for example. This division fur-
ther implied a change in the way quiescent galaxies occupied
halos, i.e. the HON (Fig. 5) which showed up clearly in the
relative clustering (Fig. 7). This argues that measures of qui-
escent galaxy clustering can be used to constrain the redshift
evolution of the quiescent fraction of satellite and central
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galaxies and thus the timescale over which star-formation
quenching acts (see also Wetzel et al. 2013a; Tinker et al.
2013, for similar conclusions).

Models which are degenerate in their satellite or cen-
tral quenched galaxy fractions as a function of stellar mass
can still differ significantly in other measures, depending
upon environment and history. Those which invoke confor-
mity tend to have the largest number of quiescent satel-
lites in massive halos within their class. Observationally
this leads to enhanced auto-correlation, since massive ha-
los have a large bias. These models also have a depressed
cross-correlation between active and quiescent galaxies at
small separations, as galaxies in a halo tend to all be either
active or quiescent. Conformity might point to quenching
properties acting on larger scales than those of a halo, as for
fixed stellar mass it can give similar quenching likelihoods
to satellites at the outskirts and satellites near the center.

The models based upon conformity have central galaxy
assignments identical to those of their associated models
based on satellite infall or random selection. It was there-
fore encouraging that there were significant, observable dif-
ferences associated with the variations in satellite quiescence
mechanisms. (This is in part why conformity was introduced
at lower redshifts in the SDSS (Ross & Brunner 2009), but
here it also separated out the models where satellite infall
was related to quiescence.)

The associated “-h” models are best further considered
along with the other three models using infall time (where
satellite infall stops mass gain or generally increases quies-
cence probability – our “maxmass”, Ṁh and zstarve models).
If halo growth is considered a proxy for baryonic accretion
(and satellite infall a proxy for strangulation, or cessation of
baryonic accretion), these can be thought of as “feeding lim-
ited” models. Observationally, these five models most promi-
nently group together in the projected density marked cor-
relation functions M(r) and M̃(r). They are large at short
distances, only being surpassed by the M⋆ Σ5 model (which
uses Σ5 in its construction). This observation thus seems to
separate out models which are feeding limited or in which
group pre-processing played an important role.

The differences between the three “feeding limited”
models which have similar satellite populations (“fix sat-h”,
“maxmass”, Ṁh) are interesting as well. All quench satel-
lites after infall (with similar although not identical decay
times). The first assigns the central galaxies randomly, while
the other two depend upon halo mass gain or time of max-
imum mass. Differences between these models might thus
indicate which intrinsic properties and observations are im-
pacted by the history of central mass gains. (Although the
central and satellite quiescent fractions are not identical, in
raw numbers there are more differences in the quiescent cen-
tral populations.) They are quite close in the full HON at
high mass, but differ very slightly at low stellar mass (also
seen in the central galaxy HON). The three models separate
out most clearly (but not by much) from each other in the
auto-correlation function. The “maxmass” is slightly larger
at high richness in the group multiplicity function, and the
Ṁh model also has a relatively depressed quiescent-active
galaxy cross-correlation at short distances. Otherwise, the
history of central mass gains seems to not have much of an
effect on the observations we considered.

All of the models make an explicit distinction between

central and satellite galaxies except for the M⋆ Σ5 model.
Due to the way it is constructed, this model shows a very dif-
ferent distribution of Σ5 for quiescent galaxies than the other
models, which results in a strong enhancement of the pro-
jected density-marked correlation function at small scales,
and the quiescent fraction as a function of projected den-
sity. In the other observations it is close to degenerate with
the model sharing its HON and profile, which assigns quies-
cent galaxies depending only upon centrality (“fix c/s”).

Several observations were quite good proxies for the in-
trinsic differences we saw between the models. For exam-
ple, the group multiplicity function we used orders models
in almost the same way as the HON at high richness or
halo mass (only two models reverse). The two dimensional
stacked cluster profile has information similar to the three
dimensional stacked cluster profile and the projected density
distribution (for Σ5 ∼ 10 − 100) showed a similar ranking
of models to the quiescent satellite fraction at intermediate
M⋆. If one can reliably infer which galaxies belong to which
dark matter halo from a group catalog, and has a reliable
method of determining the central galaxy, then the central
and satellite quiescent fractions become directly observable.
As we saw, these functions were extremely helpful in parti-
tioning the models. Conversely the differences in quiescent
fraction at high projected density and differences in the ra-
dial profile may impact the calculations of purity and com-
pleteness for color-selected cluster finders which are trained
on mock catalogs (which make either implicit or explicit as-
sumptions about these properties).

We used ten catalogues with quiescence based upon
dark matter subhalo histories, environment and centrality.
However, these tests could be expected to shed light on
many other proposed models, including those based upon
fewer simulation properties (e.g. without subhalos, such as
Peacock & Smith 2000; Seljak 2000; Cooray & Sheth 2002),
more simulation properties (e.g. including histories, for in-
stance, Wetzel et al. 2013a; Moster, Naab & White 2013;
Mutch, Croton & Poole 2013; Cattaneo et al. 2013; Baugh
2006; Benson 2012, or baryons, e.g., Schaye et al. 2010;
Almgren et al 2013; Vogelsberger et al. 2013), or other sim-
ulation properties (e.g., density as in Scoville et al. 2013).
Other tests may also add more information (e.g. lensing was
used by Masaki, Lin & Yoshida (2013) for similar tests at
lower redshifts, we did not consider it here as galaxy shapes
are required as well). Some tests to constrain quiescence were
recently reported by Tinker et al. (2013) at similar redshifts
(clustering, weak lensing, group catalogue) as this work was
being prepared for publication.

7 CONCLUSIONS

One of the most striking features of the galaxy population
is that it exhibits bimodality in color, morphology and star-
formation rate. In particular, the existence of two broad
types of galaxies (those which are actively star-forming and
those which are quiescent) cries out for a theoretical expla-
nation. Unfortunately the range of physics and of physical
scales involved in setting the star-formation rate in a galaxy
is enormous, making empirical models of the phenomenon
of great importance. Many such models have been proposed
to explain the color or star-formation rate bimodality at

c© 0000 RAS, MNRAS 000, 000–000



Using large galaxy surveys to distinguish z ≃ 0.5 quiescent galaxy models 19

z ≃ 0. Motivated by the wealth of data on the higher z
Universe which we expect to have soon from large surveys,
and using high-resolution cosmological N-body simulations,
we have investigated the predictions for a range of models
for star-formation quenching to see in what way they differ
and what observations (of what accuracy) can be used to
discriminate amongst them. The advantage of using large
surveys is that statistical errors can be controlled and are
more accessible and one can disentangle the many correla-
tions between galaxy properties which limit inferences from
small samples. The disadvantage is that information is more
circumstantial and so requires a different sort of detective
work.

We have focused our attention at z ≃ 0.5, which is at
high enough z that we expect significant galaxy evolution
but low enough z that we expect to have large statistical
samples of galaxies in the near future. Note that z ≃ 0.5
is approximately 5 Gyr ago, which is longer than the main-
sequence lifetime of > 1.4M⊙ stars. Any galaxy less massive
than 2×1010 M⊙ on the star forming main sequence would at
least double its stellar mass in this period. It is also around
z ≃ 0.5 that we see a rapid rise in the number density of
intermediate-mass, quiescent galaxies, making this a partic-
ularly interesting time to study.

We considered several different galaxy properties which
are expected to correlate with star-formation quenching and
investigated how statistical measurements might be used to
distinguish them. We created different mock catalogues, all
sharing the same stellar mass for each galaxy and close to
the same overall quenched fraction as a function of stellar
mass, but with different criteria for classifying a galaxy as
quiescent. Many of these models had degeneracies in basic
intrinsic properties (satellite/central fraction, for instance),
or halo occupation (HON), but the suite of observations
we used could nonetheless separate them out, given small
enough measurement errors. Fixing the quenched central
galaxies and varying the satellite quenching gave models
which were distinguishable, similarly, models where the ma-
jority of differences were in the central galaxies also could
be differentiated.

More specifically, in addition to the quiescent galaxy
auto and cross-correlation functions and quiescent fraction
as a function of stellar mass, we found that projected density
counts, the projected density marked correlation function,
and the group multiplicity function could further serve to
separate models, and also seemed to correlate with centrality
in host halo, feeding limited quenching and halo occupation
respectively. These observational measurements increase the
galaxy formation information available from surveys pos-
sessing galaxy stellar masses and positions.

We have mostly considered how these observational
measurements can be used to distinguish models from each
other, using observations. Alternatively this provides a par-
ticularly discriminating set of tests for validating mock cata-
logues, constructed by any means. They can also be used to
decode associations of other galaxy properties with galaxy
histories, environments and centrality, for instance AGN ac-
tivity or morphology.

While we were completing this work we became aware of
Tinker et al. (2013) which compared several different mea-
surements of a survey at similar redshifts to constrain qui-
escent fraction evolution and of Hearin et al. (2013b) which

considered measurements at low redshift to constrain color
and developed a formalism for comparing dark matter sim-
ulation properties which are correlated with color.
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