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1 INTRODUCTION

ABSTRACT

We present a method to flexibly and self-consistently determine individual galaxies’ star
formation rates (SFRs) from their host haloes’ potential well depths, assembly histories,
and redshifts. The method is constrained by galaxies’ observed stellar mass functions, SFRs
(specific and cosmic), quenched fractions, ultraviolet (UV) luminosity functions, UV-stellar
mass relations, IRX-UV relations, auto- and cross-correlation functions (including quenched
and star-forming subsamples), and quenching dependence on environment; each observable
is reproduced over the full redshift range available, up to 0 < z < 10. Key findings include
the following: galaxy assembly correlates strongly with halo assembly; quenching correlates
strongly with halo mass; quenched fractions at fixed halo mass decrease with increasing
redshift; massive quenched galaxies reside in higher-mass haloes than star-forming galaxies at
fixed galaxy mass; star-forming and quenched galaxies’ star formation histories at fixed mass
differ most at z < 0.5; satellites have large scatter in quenching time-scales after infall, and
have modestly higher quenched fractions than central galaxies; Planck cosmologies result in
up to 0.3 dex lower stellar — halo mass ratios at early times; and, none the less, stellar mass—
halo mass ratios rise at z > 5. Also presented are revised stellar mass — halo mass relations for
all, quenched, star-forming, central, and satellite galaxies; the dependence of star formation
histories on halo mass, stellar mass, and galaxy SSFR; quenched fractions and quenching
time-scale distributions for satellites; and predictions for higher-redshift galaxy correlation
functions and weak lensing surface densities. The public data release (DR1) includes the
massively parallel (>10° cores) implementation (the UNIVERSEMACHINE), the newly compiled
and remeasured observational data, derived galaxy formation constraints, and mock catalogues
including lightcones.
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principles does not yet exist (see Naab & Ostriker 2017, for a
review).

In lambda cold dark matter (  CDM) cosmologies, galaxies form
at the centres of gravitationally self-bound, virialized dark mat-
ter structures (known as haloes). Haloes form hierarchically,
and the largest collapsed structure in a given overdensity (i.e.
a central halo) can contain many smaller self-bound structures
(satellite haloes). While the broad contours of galaxy formation
physics are known (see Silk & Mamon 2012; Somerville &
Davé 2015, for reviews), a fully predictive framework from first
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Traditional theoretical methods include hydrodynamical and
semi-analytic models, which use known physics as a strong prior
on how galaxies may form. For example, current implementations
attempt to simulate the effects of supernovae, radiation pressure,
multiphase gas, black hole accretion, photo- and collisional ioniza-
tion, and chemistry (see Somerville & Davé 2015; Naab & Ostriker
2017, for reviews). All such methods approximate physics below
their respective resolution scales (galaxies for semi-analytic models;
particles and/or grid elements for hydrodynamical simulations),
and different reasonable approximations lead to different resulting
galaxy properties (Lu et al. 2014b; Kim et al. 2016).
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These methods are complemented by empirical modeling,
wherein the priors are significantly weakened and the physical con-
straints come almost entirely from observations. Current empirical
models constrain physics averaged over galaxy scales, similar to
semi-analytical models. Indeed, as empirical modeling has grown in
complexity and self-consistency, as well as in the number of galaxy
(e.g. Rodriguez-Puebla et al. 2017; Moster, Naab & White 2018;
Somerville et al. 2018), gas (e.g. Popping, Behroozi & Peeples
2015), metallicity (e.g. Rodriguez-Puebla et al. 2016b), and dust
(Imara et al. 2018) observables generated, the mechanics of semi-
analytic and empirical models have become increasingly similar.
For example, the techniques of post-processing merger trees from
N-body simulations, comparing to galaxy correlation functions, and
using orphan galaxies were commonplace in semi-analytical models
well before they were used in empirical ones (Roukema et al. 1997;
Kauffmann et al. 1999).

Nonetheless, the presence or absence of strong physical priors
remains a key difference between empirical and semi-analytic
models. While semi-analytic models can therefore obtain tighter
parameter constraints for the same data (or lack thereof), empirical
models can reveal physics that was not previously expected to exist
(e.g. Behroozi, Wechsler & Conroy 2013c; Behroozi & Silk 2015).
In cases where traditional methods have strong disagreements (e.g.
on the mechanism for galaxy quenching), this latter quality can be
very powerful, and is hence a strong motivation for using empirical
modeling here.

Most current empirical models relate galaxy properties to prop-
erties of their host dark matter haloes. Larger haloes host larger
galaxies, with relatively tight scatter in the stellar mass — halo
mass relation (More et al. 2009; Yang, Mo & van den Bosch 2009;
Leauthaud et al. 2012; Reddick et al. 2013; Tinker et al. 2013;
Watson & Conroy 2013; Gu, Conroy & Behroozi 2016). Hence,
it has become common to investigate average galaxy growth via
a connection to the average growth of haloes (White et al. 2007,
Zhengetal. 2007; Conroy & Wechsler 2009; Firmani & Avila-Reese
2010; Leitner 2012; Béthermin et al. 2013; Moster, Naab & White
2013; Mutch, Croton & Poole 2013; Wang et al. 2013; Behroozi,
Wechsler & Conroy 2013e; Behroozi et al. 2013f; Birrer et al. 2014;
Marchesini et al. 2014; Lu et al. 2014a, 2015b; Papovich et al. 2015;
Li et al. 2016; see Wechsler & Tinker 2018 for a review). These
studies have found that the stellar mass — halo mass relation is
relatively constant with redshift from 0 < z < 4 (Behroozi et al.
2013c), but may evolve significantly at z > 4 (Behroozi & Silk
2015; Finkelstein et al. 2015b; Sun & Furlanetto 2016).

If galaxy mass is tightly correlated with halo mass on average,
it is natural to expect that individual galaxy assembly could
be correlated with halo assembly. This assembly correlation for
individual galaxies has strong observational support. For example,
satellite galaxies in clusters have redder colours (implying lower
star formation rates; SFRs) and more elliptical morphologies than
similar-mass galaxies in the field (and references thereto Hubble &
Humason 1931). At the same time, the satellite haloes hosting
these satellite galaxies have undergone significant stripping due
to cluster tidal forces (Tormen, Diaferio & Syer 1998; Kravtsov,
Gnedin & Klypin 2004; Knebe et al. 2006; Hahn et al. 2009; Wu
et al. 2013; Behroozi et al. 2014a). Thus, there is a correlation
between the assembly histories of satellite galaxies and satellite
haloes, regardless of whether there is a direct causation.

For central galaxies (i.e. the main galaxies in central haloes),
several studies (Tinker et al. 2012; Berti et al. 2017; Wang et al.
2018, and this study) have also found correlations between these
galaxies’ quenched fractions (i.e. the fraction not forming stars)
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and the surrounding environment. At the same time, environmental
density strongly correlates with halo accretion rates (Hahn et al.
2009; Behroozi et al. 2014a; Lee et al. 2017). This would again
suggest a correlation (and again not necessarily causation) between
central galaxies’ star formation rates and their host halo matter
accretion rates.

Empirical models that correlate galaxy star formation rates or
colours with halo concentrations (correlated with halo formation
time; Wechsler et al. 2002) have shown success in matching
galaxy autocorrelation functions, weak lensing, and radial profiles
of quenched galaxy fractions around clusters (Hearin & Watson
2013; Hearin et al. 2014; Watson et al. 2015). Models that relate
galaxy SFRs linearly to halo mass accretion rates, albeit non-linearly
to halo mass, (Becker 2015; Taghizadeh-Popp et al. 2015; Sun &
Furlanetto 2016; Rodriguez-Puebla et al. 2016a; Cohn 2017; Mitra
et al. 2017; Moster et al. 2018) have also shown success in this
regard. To date, all such models have made a strong assumption
that galaxy formation is perfectly correlated to a chosen proxy for
halo assembly.

In our approach, we do notimpose an a priori correlation between
galaxy assembly and halo assembly. Instead, given that galaxy
clustering depends strongly on this correlation, we can directly
measure it. Our method first involves making a guess for how
galaxy SFRs depend on host halo potential well depth, assembly
history, and redshift. This ansatz is then self-consistently applied
to halo merger trees from a dark matter simulation, resulting in a
mock universe; this mock universe is compared directly with real
observations to compute a Bayesian likelihood. A Markov Chain
Monte Carlo algorithm then makes a new guess for the galaxy SFR
function, and the process is repeated until the range of SFR functions
that are compatible with observations is fully sampled.

Observational constraints used here include stellar mass func-
tions, UV luminosity functions, the UV-stellar mass relation,
specific and cosmic SFRs, galaxy quenched fractions, galaxy
autocorrelation functions, and the quenched fraction of central
galaxies as a function of environmental density. \We also compare
to galaxy—galaxy weak lensing. High-redshift constraints have
improved dramatically in the past five years due to the CANDELS,
3D-HST, ULTRAVISTA, and ZFOURGE surveys (Grogin et al.
2011; Brammer et al. 2012; McCracken et al. 2012). At the same
time, pipeline and fitting improvements have made significant
changes to the inferred stellar masses of massive low-redshift
galaxies (Bernardi et al. 2013). As with past analyses (Behroozi,
Conroy & Wechsler 2010; Behroozi et al. 2013e), we marginalize
over many systematic uncertainties, including those from stellar
population synthesis (SPS), dust, and star formation history (SFH)
models.

We present the simulations and the new compilation of observa-
tional data in Section 2, followed by the methodology in Section 3.
The main results, discussion, and conclusions are presented in
Section 4, Section 5, and Section 6, respectively. Appendices discuss
alternate parametrizations for halo assembly history (A), the need
for orphan satellites (B), the compilation of and uncertainties in the
observational data (C), revised fits to UV—stellar mass relations (D),
the functional forms used (E), code parallelization and performance
(F), results for non-universal stellar initial mass functions (IMF) (G),
the best-fitting model and 68 per cent parameter confidence intervals
(H), parameter correlations (1), and fits to stellar mass—halo mass
relations (J).

For conversions from luminosities to stellar masses, we assume
the Chabrier (2003) stellar IMF, the Bruzual & Charlot (2003) SPS
model, and the Calzetti et al. (2000) dust law. We adopt a flat,
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CDM cosmology with parameters ( , = 0.307, = 0.693,
h =0.678, og = 0.823, ny = 0.96) consistent with Planck results
(Planck Collaboration et al. 2016). Halo masses follow the Bryan &
Norman (1998) spherical overdensity definition and refer to peak
historical halo masses extracted from the merger tree (Mpeax) except
where otherwise specified.

2 SIMULATIONS AND OBSERVATIONS

2.1 Simulations

We use the Bolshoi-Planck dark matter simulation (Klypin et al.
2016; Rodriguez-Puebla et al. 2016b) for halo properties and assem-
bly histories. Bolshoi—Planck follows a periodic, comoving volume
250 h™ Mpc on a side with 20482 particles (8 < 10%), and was run
with the ART code (Kravtsov, Klypin & Khokhlov 1997; Kravtsov &
Klypin 1999). The simulation has high mass (1.6 < 108h™*M ),
force (1 h™! kpc), and time output (180 snapshots spaced equally
in log (a)) resolution. The adopted cosmology (flat CDM; h =
0.678, n = 0.307, ag = 0.823, n, = 0.96) is compatible with
Planck15 results (Planck Collaboration et al. 2016). We also use
the MDPL2 dark matter simulation (Klypin et al. 2016; Rodriguez-
Puebla et al. 2016b) to calculate covariance matrices for auto- and
cross-correlation functions. MDPL2 adopts an identical cosmology
to Bolshoi—-Planck, except for assuming og = 0.829, and follows
a1 h™3 Gpc® region with 38408 particles ( 57 x 10°). The mass
(2.2 10°M )and force (5 h™* kpc) resolution are coarser than for
Bolshoi—Planck. For both simulations, halo finding and merger tree
construction used the ROCKSTAR (Behroozi, Wechsler & Wu 2013b)
and CONSISTENT TREES (Behroozi et al. 2013d) codes, respectively.

2.2 Observations

As summarized in Table 1, we combine recent constraints from
stellar mass functions (SMFs; Table C2), cosmic star formation rates
(CSFRs; Table C3), specific star formation rates (SSFRs; Table C4),
quenched fractions (QFs), UV luminosity functions (UVLFs), UV—-
stellar mass relations (UVSM relations), and infrared excess—
UV relations (IRX-UV relations) with measurements of galaxy
auto- and cross-correlation functions (CFs) and the environmental
dependence of central galaxy quenching. Full details are presented
in Appendices C and D.

Briefly, stellar mass function (SMF) constraints include data
from the Sloan Digital Sky Survey (SDSS), the PRIsm MUIti-
object Survey (PRIMUS), UltraVISTA, the Cosmic Assembly Near-
infrared Deep Extragalactic Legacy Survey (CANDELS), and the
FourStar Galaxy Evolution Survey (ZFOURGE). These constraints
cover 0 < z < 4 and were renormalized as necessary to ensure
consistent modeling assumptions (Table C1) and photometry for
massive galaxies (Fig. C1). As noted in Kravtsov, Vikhlinin &
Meshcheryakov (2018), improved photometry for massive galaxies
significantly increases their stellar mass to halo mass ratios as
compared to Behroozi et al. (2013e). In addition, based on null
findings in Williams et al. (2016), there was no need to perform
surface brightness corrections for low-mass galaxies as in Behroozi
etal. (2013e).

Specific SFRs and cosmic SFRs cover 0 < z < 10.5 and were
only renormalized to a Chabrier (2003) IMF, as matching other
modeling assumptions does not increase self-consistency between
SFRs and the growth of SMFs (Madau & Dickinson 2014; Lejaetal.
2015; Tomczak et al. 2016). These data are taken from a wide range
of surveys (including SDSS, GAMA, ULTRAVISTA, CANDELS,
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ZFOURGE) and techniques (including UV, 24pum, radio, Ha, and
SED fitting).

Quenched fractions as a function of stellar mass, from Bauer et al.
(2013), Moustakas et al. (2013), and Muzzin et al. (2013), cover the
range 0 < z < 3.5. As discussed in Appendix C6, these papers
use different definitions for ‘quenched’ (cuts in SSFR and UVJ
luminosities, respectively), which we self-consistently model when
comparing to each paper’s results. Stellar masses were renormalized
as for SMFs.

Autocorrelation functions for all, quenched, and star-forming
galaxies are newly measured from the SDSS (Appendix C7),
with covariance matrices measured from identical sky masks in
mock catalogues of significantly greater volume. Cross-correlation
functions of massive galaxies (M > 10 M ) with Milky Way
mass galaxies (M 10'%4M ) are also newly measured from the
SDSS to help constrain satellite disruption. At z 0.5, we use
the correlation functions for quenched and star-forming galaxies
from PRIMUS (Coil et al. 2017). As with the SDSS, covariance
matrices are measured from mock catalogues; redshift errors are
remeasured from a cross-comparison between the G10/COSMOS
redshift catalogue (Davies et al. 2015) and the PRIMUS DR1
catalogue (Coil et al. 2011).

Correlation functions are primarily sensitive to satellite quench-
ing, so constraining central galaxy quenching requires a different
measurement. Here, we use the quenched fraction for primary
galaxies (i.e. those that are the largest in a given surrounding vol-
ume) as a function of the number counts of lower-mass neighbours
(Appendix C8; see also Berti et al. 2017). This signal is significantly
stronger and more robustly measurable than two-halo galactic
conformity, and is a plausible cause thereof (Hearin, Behroozi & van
den Bosch 2016). In addition, Lee et al. (2017) has shown that halo
mass accretion rates correlate strongly with environmental density
for central haloes, so this statistic helps constrain the correlation
between halo mass and galaxy assembly for central haloes.

Finally, existing stellar mass functions at z > 4 often depend on
uncertain UV-stellar mass conversions, which results in significant
interpublication scatter even on the same underlying data sets (e.g.
fig. 6 in Moster et al. 2018). We explore the underlying reason
for these uncertainties in Appendix D, finding that uncertainties
in the SED for SFH and dust can be reduced by combining
additional observables. As a result, we develop a new SED-fitting
tool (SEDITION; Appendix D) and use it to remeasure median UV—-
stellar mass relations from the Song et al. (2016) SED stacks forz =
4-8 galaxies, combined with SFH constraints from UV luminosity
functions’ evolution and dust constraints from ALMA (Bouwens
et al. 2016h). The resulting UV-stellar mass relations, combined
with UV luminosity functions from Finkelstein et al. (2015a) and
Bouwens et al. (2016a), replace constraints on SMFs at z > 4.

3 METHODOLOGY

We summarize our approach in Section 3.1, followed by de-
tails for the SFR parametrization (Section 3.2), galaxy mergers
(Section 3.3), stellar masses and luminosities (Section 3.4), and
observational systematics including dust (Section 3.5).

3.1 Design overview

Our approach (Fig. 1) parametrizes galaxy SFRs as a function
of halo potential well depth, redshift, and assembly history. For
potential well depth, past works used peak historical halo mass
(e.g. Moster et al. 2013; Behroozi et al. 2013e) or peak historical
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Table 1. Summary of Observational Constraints.

Type Redshifts Primarily Constrains Details & References
Stellar mass functions? 0—14 SFR—Vpeak relation Appendix C2
Cosmic star formation rates® 0—10 SFR—Vpeak relation Appendix C3
Specific star formation rates? 0—8 SFR—V\peak relation Appendices C3, C4
UV luminosity functions —10 SFR—Vpeak relation Appendix C5
Quenched fractions? 0—14 Quenching—Vvpeak relation Appendix C6
Autocorrelation functions for quenched/SF/all galaxies from SDSSP 0 Quenching/assembly history correlation Appendix C7
Cross-correlation functions for galaxies from SDSSP 0 Satellite disruption Appendix C7
Autocorrelation functions for quenched/SF galaxies from PRIMUS? 0.5 Quenching/assembly history correlation Appendix C7
Quenched fraction of primary galaxies as a function of neighbour density? 0 Quenching/assembly history correlation Appendix C8
Median UV-stellar mass relations? 4—-8 Systematic stellar mass biases Appendix D
IRX-UV relations 4-7 Dust Appendix D

Notes. SDSS: the Sloan Digital Sky Survey. PRIMUS: the PRIsm MUIti-object Survey. Vipeak: Vmax at the time of peak historical halo mass.
aRenormalized/converted in this study to more uniform modeling assumptions. °Newly measured or reanalyzed in this study.
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Figure 1. Visual summary of the method for linking galaxy growth to halo growth (Section 3).

Vmax (€.9. Reddick et al. 2013), where vmax is the maximum
circular velocity of the halo (= max(  GM(< R)/R)). Peak Vpax
better matches galaxy clustering (Reddick et al. 2013) and avoids
pseudo-evolution issues (Diemer, More & Kravtsov 2013). Yet,
strong, transient v, peaks occur following major halo mergers
(Behroozi et al. 2014a). Hence, we use the value of vy« at the
redshift where the halo reached its peak mass (Vipeax = vmax(szeak))
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so that transient peaks after mergers do not affect long-term
SFRs.

Previous studies have varied SFRs with halo mass accretion rates
(e.g. Becker 2015; Rodriguez-Puebla et al. 2016a; Moster et al.
2018) and concentrations (Hearin & Watson 2013; Watson et al.
2015). Satellites are problematic for both approaches, as neither
satellite mass accretion nor concentration are robustly measured by
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halo finders (Onions et al. 2012; Behroozi et al. 2015b), and most
solutions (e.g. using the time since accretion; Moster et al. 2018)
cannot capture orbit-dependent effects.

Here, we use the vma accretion history, which is robustly
measurable for satellites (Onions etal. 2012) and yields more clearly
orbit- and profile-dependent satellite SFRs. A rapid increase in
Vmax Means both a large influx of gas and a better ability to retain
existing gas, both of which would suggest higher SFRs. A rapid
decrease implies either strong tidal stripping (as for satellites) or
that the halo’s v peaked during a major merger and is now
dropping rapidly (as for post-starburst galaxies), both suggesting
lower SFRs. However, recent changes in Vi likely matter less for
extremely stripped satellites — which we would expect to remain
quenched. Hence, we adopt the following vy history parameter:

Viax (Znow)
Vinax(MaX(Zdyn, ZMpeq))

Vmax =

)

where zgy,(t) is the redshift a dynamical time (= (%n Gp\,i,)‘%) ago
and pyir(t) is the virial overdensity according to Bryan & Norman
(1998). For most haloes, vmax corresponds to the relative change
in Vmax Over the past dynamical time. However, for extremely
stripped satellites, Vpax cOrresponds to the relative change in Vi
since they last accreted mass, preventing them from resuming star
formation.

Vmax IS Not the only option for parametrizing halo assembly (see
Appendix A for alternatives). However, as discussed above, there
are physical reasons for it to correlate well with galaxy SFRs. As
long as there is some correlation between  vma and galaxy SFRs
(regardless of the underlying causation), our approach remains valid
to determine the correlation strength.

Any choice for the function SFR(Vmpeak, Z, Vmax) (S€€ Sec-
tion 3.2 and Table 2 for our parametrization; see Table 3 for priors)
fully determines galaxy SFRs in every halo at every redshift in
a dark matter simulation (Fig. 1). For each halo, the galaxy stellar
mass and UV luminosity are self-consistently calculated from SFHs
along the halo’s assembly and merger history. This results in a mock
observable universe (including galaxy positions, redshifts, stellar
masses, SFRs, and luminosities) that can be directly compared to
the real Universe. We compute the likelihood for a given point in
parameter space using galaxy stellar mass functions, specific SFRs,
cosmic SFRs, quenched fractions, UV luminosity functions, UV—
stellar mass relations, IRX-UV relations, autocorrelation functions
(for all, star-forming, and quiescent galaxies), cross-correlation
functions, and measurements of central galaxy quenching with
environment (Section 2.2), using covariance matrices where avail-
able. The likelihood function (exp (—x?/2)) is processed through
an MCMC algorithm (a hybrid of adaptive Metropolis and stretch-
step MCMC algorithms; Haario, Saksman & Tamminen 2001;
Goodman & Weare 2010), resulting in empirical constraints on
how galaxy growth correlates with halo growth.

3.2 SFR distribution

We parametrize SFRs in haloes as a function of Vipeak (Vmax at the
redshift of peak halo mass), z, and vy (logarithmic growth in
Vmax OVer the past dynamical time), summarized in Table 2. At fixed
Vmpeak @nd z, we assume that the SFR distribution is the sum of two
lognormal distributions, corresponding to a quenched population
and a star-forming population:

P (SFR|Vmpeak, Z) = FoG(SFRq, 0g) + (1 — fo)G(SFRsk, Osf),
2

The galaxy—halo assembly correlation 3147

where G(, 0) is alognormal distribution with median L and scatter
0; fq is the fraction of quenched galaxies, SFRse and SFRq are the
median SFRs for star-forming and quenched galaxies, respectively,
and o gr and 0 g are the corresponding scatters.

All of these parameters (fq, SFRq, SFRse, 0q, 0s¢) could vary
with Vvpeak and z. However, scatter in SFRs is not observed to
vary with either stellar mass or redshift (Speagle et al. 2014), and
the tight connection between stellar mass and halo mass (Or Vmax)
required to match galaxy clustering and weak lensing (Leauthaud
et al. 2012; Reddick et al. 2013; Tinker et al. 2013) suggests that
0'se need not vary much with Vipeax OF z, either. However, we allow
redshift flexibility to test this assumption, setting a maximum of
0.3 dex:

Ose = mMin(osr,o + (1 —a)0sr 1, 0.3) dex, (3)

where a is the scale factor. SFRs for quenched galaxies have large
systematic uncertainties (Brinchmann et al. 2004; Salim et al. 2007;
Wetzel, Tinker & Conroy 2012; Hayward et al. 2014). As long as
SFRsr  SFRg, the exact value of SFRq does not impact galaxy
stellar masses or colours. Hence, SFRq is set such that median-
specific SFRs for quenched galaxies are 1078 yr~t and g is
fixed at 0.36 dex, matching SDSS values for L galaxies (Behroozi
et al. 2015a).

The functional form for SFRsg(Vmpeak, Z) is based on the best-
fitting SFR(Mpea, z) constraints from Behroozi et al. (2013e).
We determined Mpeak(Vmpeak, Z) (i.e. the median halo mass as a
function of Vppeac and z) from the Bolshoi—Planck simulation (see
Section 2.1), and find in Appendix E2 that a double power law plus
a Gaussian is a good fit to  SFRsr(Mpeak (Vmpeak, Z), Z) . We hence
adopt

SFRe = VO +vP " +yexp —% (@)

= ke ®
logo(V) = Vo +Va(l—a)+ViaIn(l+2)+V,z (6)
l0gio( ) = o+ a(l—a)+ 1INl +2)+ 2z U]
a=0ap+a(1—a)+a,In(l+2)+a,z (8)
B =Po+Ba(l—a)+B.z ©)
10g;0(Y) = Yo +Ya(l —2) + .z (10)
5 = b. (11)

For the parameter redshift scaling (equations 6-11), we generally
follow Behroozi et al. (2013e) in having variables to control the
parameter value at z = 0, the scaling to intermediate redshift (z

1-2), and the scaling to high redshift (z > 3); we add one more
parameter to decouple the moderately high redshift scaling (z =
3-7) from the very high-redshift scaling (z > 7). For 3, we do
not include this extra parameter, as the massive-end slope is ill-
constrained at such high redshifts. The width of the Gaussian part
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Table 2. Table of parameters.

Symbol Description Equation Parameters Section
0sr(2) Scatter in SFR for star-forming galaxies 2 3.2
V(z) Characteristic Vpeak in SFR — Vivpeak relation 6 4 3.2
(2) Characteristic SFR in SFR — Vvpeak relation 7 4 3.2
a(z) Faint-end slope of SFR — Viypeak relation 8 4 3.2
B(2) Massive-end slope of SFR — Vipeak relation 9 3 3.2
y(2) Strength of Gaussian efficiency boost in SFR — Vipeak relation 10 3 3.2
% Width of Gaussian efficiency boost in SFR — Vipeak relation 11 1 32
Qmin(z) Minimum quenched fraction 13 2 3.2
Vo(2) Characteristic Vpeak for quenching 14 3 3.2
avo(2) Characteristic Vipeak Width over which quenching happens 15 3 3.2
re(2) Rank correlation between halo assembly history ( vimax) and SFR 16 4 3.2
,R(2) Correlation time for long-timescale random contributions to SFR rank - 0 3.2
fshort Fraction of short-timescale random contributions to SFR rank 19 1 3.2
Trmerge Threshold for Vimax/Vivpeak at which disrupted haloes are no longer tracked - 2 3.3
fmerge Fraction of host halo’s radius below which disrupted satellites merge into the central galaxy - 1 3.3
Olqust Characteristic rate at which dust increases with UV luminosity 23 1 3.4
Maust(2) Characteristic UV luminosity for dust to become important 24 2 34
u(z) Systematic offset in both observed stellar masses and SFRs 25 2 35
K(2) Additional systematic offset in observed SFRs 26 1 35
0'sMm, obs(2) Random error in recovering stellar masses 27 1 35
O'SFR, obs(2) Random error in recovering SFRs 28 0 35

Notes: Vmpeak: Vmax at the time of peak historical halo mass.  viax is described by equation (1) in Section 3.1. Symbols followed by ‘(z)’ depend on redshift
and are described by multiple parameters (see equation references above). Tg is fixed to the halo dynamical time, %nGpvir _1/2. The total number of free

model parameters is 44.

Table 3. Table of priors.

Symbol Description Equation Prior
Torphan, 300 Threshold for Vimax/Vipeak at which disrupted haloes are no longer tracked around 300 km s~ hosts - u(0.2,1)
Torphan, 1000 Threshold for Vimax/Vmpeak at which disrupted haloes are no longer tracked around 1000 km s~1 hosts - u(0.2,1)
Trmerge Fraction of host halo’s virial radius below which disrupted satellites are merged with the central galaxy - u(o, 2)

Ho Value of patz =0, in dex 25 G(0, 0.14)
Ma Redshift scaling of W, in dex 25 G(0, 0.24)

K Additional offset in observed versus true SFR, in dex 26 G(0, 0.24)
OsM, z Redshift scaling of agm 27 G(0.05, 0.015)

Notes: G(x, y) is a Gaussian distribution with center x and width y. U(x, y) is a uniform distribution over [x, y]. Remaining parameters do not have explicit
priors; V, Vq, and Mp are explored in logarithmic space, whereas the remainder are explored in linear space.

of SFRsr seems not to change significantly in fits to Behroozi et al.
(2013e) constraints, so we keep 6 fixed over the entire redshift range.
For the functional form for fo(Vmpeax, z), we adopt

fQ = Qmin + (1.0 — Qmin)
l0g; (o)
x 0.5+05erf — ek (12)
. OVQ

where erf is the error function. This function smoothly rises from
Qmin to 1 over a characteristic width oyq, with the halfway point at
the velocity Vq. The adopted redshift scaling is

Qmin = max(0, Qmino + Qmin,a(l —a)) (13)
l0g14(Vq) = Vo,0 + Vqa(l —a) + Vq,.2z (14)
Ovq = OvQ,o + Ovga(l —a)+ ovg,a In(1 +2). (15)

We verify that this functional form is sufficiently flexible to match
observed quenched fractions in Appendix E1.
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For haloes at a given Ve and z, the above parametrization
determines the SFR distribution. In our approach, we assign
higher SFRs to haloes with higher values of v (similar to
the conditional abundance matching approach in Watson et al.
2015), allowing for random scatter in this assignment. Because
satellites on average have much lower vp, values than centrals,
zero scatter in the assignment would result in the largest quenched
fractions for satellites. Increasing the scatter decreases the quenched
fraction of satellites while increasing the quenched fraction of
centrals. Observationally, this is strongly constrained by the ratio of
autocorrelation strengths for quenched versus star-forming galaxies.

We let r. be the correlation coefficient between haloes’ rank
orders in  Vmay and their rank orders in SFR (both at fixed Vipeax
and z), and allow this correlation to depend on Vipeax and z:

r(:(\/Mpeakv Z) = Iin + (1.0 = min)

log,g V.M b
x 05—05erf — Rk (16)
2 Tyigth
IOglO(VR) = VR,O + VR'a(l — a). (17)

610Z 1870100 60 UO Jasn Aieiqi Seousiog YljeaH euoziy 10 Ausiaaiun Aq §98v8HS/S1 | €/€/881/10B11Sqe-8|01E/SBIUW/WOoD dno-olWwspeoe//:sdny woJj papeojumoq



Similar to the functional form for fg, this function declines smoothly
from 1 to rmin, with a characteristic width ry,ign and the halfway point
at the velocity Vg. We allow g, to be negative, which would result
in r¢ increasing (instead of declining) from ry;, to 1 with increasing
Vmpeak- IN principle, rmin and ryign could vary with redshift, but as
we do not have enough z > 0 autocorrelation data to constrain the
redshift dependence of these parameters, we leave them fixed. A
halo’s resulting (cumulative) percentile rank in the SFR distribution
(= Csr) is given by

Cs=C r.-c}C,, )+ 1-r2.R , (18)
where C(x) is the cumulative distributign for a Gaussian with unit
variance (i.e. C(x) = 0.5+ 0.5erf(x/ 2)), C ,,, is the halo’s
(cumulative)percentile rank in Vi, and R is a random normal
with unit variance.

Along with the fraction of random variations in galaxy SFRs, the
random variations’ time-scales also need parametrization. Longer-
timescale random variations can arise from galactic feedback
interacting with the circumgalactic medium and larger scale en-
vironment. At the same time, short-timescale ( 10-100 Myr)
variations occur due to internal processes affecting local galactic
cold gas. We find that the random component R must have some
correlation on longer time-scales; otherwise, it becomes difficult
to produce galaxies quenched according to their UVJ colours.
However, simulations suggest that short-timescale variations are
none the less common (e.g. Sparre et al. 2017). We thus generate
a time-varying standard normal variable for each halo, composed
of a sum of a short-timescale random variable (Ssnort(t), which is
uncorrelated across simulation time-steps) and a long-timescale
random variable:

R(t) = FsnortSshort(t) +

where fghort 1S the relative contribution of short-timescale variations.
We take Siong(t) to be a random unit Gaussian time series with
correlation time parametrized by Tg; i.e. the correlation coefficient
between Sjong(t) and Sjong(t + 1) is exp[— t/(Tr)]. We find that
our present observational data do not robustly constrain T, so we
fix T to the halo dynamical time, tay, = (gnGpvi,)’%.

1- fs%ortslong ), 19)

3.3 Galaxy mergers

We assume that satellite galaxies survive until their host subhaloes
reach a threshold Tperge for v:ﬂmaxk, after which the satellite is

eal

considered disrupted. If a subhalo stops being detectable in the N-
body simulation before that threshold is reached, it is tracked via a
simple gravitational evolution algorithm and the mass- and v max-10ss
prescriptions from Jiang & van den Bosch (2016); full details are
provided in Appendix B. We allow for different survival thresholds
around low- and high-mass host haloes via the parametrization:

Tmerge = Tmerge,SOO + (Tmerge,lOOO - Tmerge,300)

VMpeak,host
logyy —msi, —275

0.25 2

x 0.5+ 0.5erf

(20)

This threshold rises smoothly from Tierge, 300 (for host haloes with
Vmpeak 300 KM $71) 10 Trnerge, 1000 (for host haloes with Viipeax

1000 km s71).

When a satellite is disrupted, we use the distance between the
subhalo’s last position and the host halo’s center to decide the fate
of the disrupted material. As galaxy sizes scale approximately with
the virial halo radius (van der Wel et al. 2014; Shibuya, Ouchi &
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Harikane 2015), we set the maximum threshold distance for merging
with the host halo’s galaxy at fmerge - Ruir, host: With fnerge @ free
parameter. If galaxies disrupt outside of this distance, we instead
add their stars to the intrahalo light (IHL) of the host halo.

3.4 Stellar masses and luminosities

For every halo, full SFHs are recorded separately for stars in the
central galaxy and in the IHL. During merger events, the SFH of
the merging halo is added to either the central galaxy or IHL for the
host halo, as determined in Section 3.3. Given an SFH, the stellar
mass remaining is

thow
M (thow) = SFH(t)(1 — Fioss(thow — t))dt, (21)
where fioss(t) is computed using the Fsps package (Conroy, Gunn &
White 2009; Conroy & Gunn 2010) for a Chabrier (2003) IMF, and
is fit in Behroozi et al. (2013e):

floss(t) = 0.05In 1+ (22)

1.4 Myr

Johnson U-, Johnson V-, and 2MASS J-band luminosities are
calculated as in Behroozi, Ramirez-Ruiz & Fryer (2014b). Briefly,
we use FspS v3.0 (Conroy et al. 2009; Conroy & Gunn 2010;
Byler et al. 2017) to tabulate the simple stellar population (SSP)
luminosity per unit stellar mass as a function of age, metallicity,
and dust (L(t, Z, D)), assuming a Chabrier (2003) IMF and the
Calzetti et al. (2000) dust model. We adopt the median metallicity
relation of Maiolino et al. (2008) and extrapolate the relation to
higher redshifts (equations D2-D4), setting a lower metallicity
floor of log1p(Z/Z ) = —1.5 to avoid unphysically low metallicities
at high redshifts and low stellar masses. For comparison to UV
luminosity functions, we generate Mjsgo yv in the same manner.
As shown in Appendix C6, the UVJ quenching diagnostic used in
Muzzin et al. (2013) is relatively robust to uncertainties in dust and
metallicity except for very metal-poor populations (log;o(Z/Z )
—2) and dust-free metal-poor (logio(Z/Z ) —1) rising SFHs. To
avoid issues with dust-free metal-poor populations, we calculate
UVJ luminosities assuming a dust optical depth of T = 0.3. A more
detailed dust model is required for UV luminosities; we parametrize
the net attenuation as

AlSOO,UV =25 |0910(1 + 100-4Udus!(Mdust_M15OO,UV,|mrins|c)) (23)

Maust = Maust.a + Maust2(mMax(z, 4) — 4), (24)

where Misoo, uv, obs = Musoo, Uy, intrinsic + Axso0, uy and Where Olaust,
Maust, 4, and Myyst, , are free parameters. Since we do not constrain
the model with any UV data at z < 4, the UV luminosities generated
in this way are only expected to be realistic at z > 4.

3.5 Observational systematics

Systematic uncertainties in stellar masses and SFRs arise from
modeling assumptions for SPS, dust, metallicity, and SFH (Conroy
et al. 2009; Conroy 2013; Behroozi et al. 2010, 2013e). The
dominant effect is a redshift-dependent offset between true and
observed values for both stellar masses and SFRs, parametrized
here as

K = SMops — SMirge = Ho + Ha(l — ). (25)
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This is constrained by tension between CSFRs and evolution in
SMFs (e.g. Wilkins, Trentham & Hopkins 2008; Yu & Wang 2016),
as well as tension between SSFRs and observed UVLFs. Following
Behroozi et al. (2013e), we set the prior width on i, and i, to 0.14
and 0.24 dex, respectively.

We also include a redshift-dependent offset that affects only
SFRs, motivated by strong tensions between observed radio and
UV + IR SSFRs and evolution in SMFs that peaks at z = 2
(Leja et al. 2015; see also Appendix C4). This coincides with
existing tensions between SSFRs from observations and SSFRs
from modern hydrodynamical simulations (e.g. Sparre et al. 2015;
Davé, Thompson & Hopkins 2016), as well as tensions between IR
and SED-fit SFR indicators (Fang et al. 2018):

_(z—2)?
2

The prior width on K is set to 0.24 dex (Table 3), matching the prior
on Ma.

Offsets could also be mass-dependent (see Li & White 2009 and
Appendix C) and SSFR-dependent (Behroozi et al. 2013e). Tension
between SSFRs and SMFs could also constrain a mass-dependent
offset; however, the fact that errors on the SMF are much tighter than
errors on the SSFR would result in our MCMC algorithm recruiting
the parameter so as to better fit the shape of the SMF (i.e. overfitting).
SSFR-dependent offsets could be constrained by the amplitude of
the autocorrelation function — however, this is extremely degenerate
with sample variance. Hence, we use the simple equations (25) and
(26) in this work to parametrize systematic offsets.

Random errors in recovering stellar masses can also cause
Eddington bias in the massive-end shape of the SMF (Behroozi
et al. 2010, 2013e; Grazian et al. 2015). Since the errors grow
with redshift, they impact the inferred mass growth of massive
galaxies. Here, we use the same redshift dependence as Behroozi
et al. (2013e), but limit the maximum scatter at high redshift:

SFRops — SFRyue = L+ K Xp

(26)

OsM,obs = MIN(Tsm,0 + Osm 2Z, 0.3) dex. 27)

For example, Grazian et al. (2015) find a scatter of 0.2 dexatz =
6 in the distribution of SMs for 10 M galaxies; this expands
to 0.3 dex after accounting for additional scatter from photometric
redshifts, photometry, code choices (including finite age/metallicity
grids), and other sources (see Mobasher et al. 2015 for a
review).

Similarly, random lognormal errors in observed SFRs can
broaden the observed SFR distribution and lead to enhanced average
CSFRs, as the average (in linear space) of a lognormal distribution
is higher than the median. We adopt

Osfrobs = 0.32 — GSZFdeX, (28)

so that the combined intrinsic plus observed main-sequence scatter
is 0.3 dex, consistent with Speagle et al. (2014).

All observables are subject to volume-weighting effects; some
are also subject to binning effects. When modeling observables, we
use identical binning, and we also use volume-weighting across the
reported redshift range. For a given observable X reported for z; <
Z < z,, we thus simulate the observation as

Z.

Zf X(2)dV (z)
V(z2) = V(z1)’
where V(z) is the enclosed volume out to redshift z. For correlation

functions and higher-order statistics that depend on spectroscopic
redshifts, we include redshift-space distortions from halo peculiar

(29)

Xmodel =

MNRAS 488, 3143-3194 (2019)

velocities. We also include 30 km s~ of combined galaxy-halo
velocity bias and redshift-fitting errors, assumed to be normally
distributed (Guo et al. 2015). For the grism-based redshifts in
PRIMUS, we model the redshift errors as 0,/(1 + z) = 0.0033,
as discussed in Appendix C7.

The IMF is known to vary with galaxy velocity dispersion
(Conroy & van Dokkum 2012; Conroy et al. 2013; Geha et al.
2013; Martin-Navarro et al. 2015; La Barbera et al. 2016; van
Dokkum et al. 2017). However, broadband photometric luminosities
depend largely on the mass in >1M stars, resulting in a constant
overall mass offset for different IMF assumptions. As a result, the
main body of this paper adopts the same assumption as for all the
observational results with which we compare — namely, a universal
Chabrier (2003) IMF. Appendix G shows how derived stellar mass—
halo mass relationships would change for a halo mass-dependent
IMF.

4 RESULTS

We discuss best-fitting parameters and the comparison to ob-
servables in Section 4.1, the stellar mass—halo mass relation in
Section 4.2, average SFRs and quenched fractions in dark matter
haloes in Section 4.3, average SFHs in Section 4.4, individual
stochasticity in SFRs in Section 4.5, correlations between galaxy
and halo assembly in Section 4.6, satellite quenching in Section 4.7,
in situ versus ex situ star formation in Section 4.8, predictions
for future observations in Section 4.9, systematic uncertainties in
Section 4.10, and additional online data in Section 4.11.

4.1 Best-fitting parameters and comparison to observables

We explored model posterior space with 100 simultaneous MCMC
walkers, totaling 500k MCMC steps and 400k CPU hours.
Convergence was approached by running the chains for 10 autocor-
relation times. The best-fitting model was found by starting from
the average of all walker positions during the final 400 steps and
then using a gradient descent algorithm to converge on the model
with lowest x 2.

The best-fitting model is able to match all data in Section 2.2,
including stellar mass functions (SMFs; Fig. 2, left-hand panel),
quenched fractions (QFs; Fig. 2, right-hand panel), cosmic star
formation rates (CSFRs; Fig. 3, left-hand panel), specific star
formation rates (SSFRs; Fig. 3, right-hand panel), high-redshift UV
luminosity functions (UVLFs; Fig. 4, left-hand panel), high-redshift
UV-stellar mass relations (UVSMs; Fig. 4, right panel), correlation
functions (CFs; Figs 5 and 6), the dependence of the quenched
fraction of central galaxies as a function of environment (Fig. 7),
and the average infrared excess as a function of UV luminosity
(Fig. 8). Calculating the true number of degrees of freedom for the
observational data is difficult; for example, covariance matrices are
unavailable for most SMFs, QFs, UVLFs, etc. in the literature. Yet,
for 1069 observed data points and 44 parameters, the naive reduced
X2 of the best-fitting model is 0.36, suggesting a reasonable fit.

The best-fitting model and 68 percent confidence intervals
for parameters are presented in Appendix H, and parameter
correlations are discussed in Appendix |. Key physical aspects
of the parametrization include the star formation rate for star-
forming galaxies and the quenched fraction as a function of
Vmpeak (Shown in Fig. 15), as well as the correlation between
galaxy and halo growth (shown in Fig. 20). Posterior distributions
of many other quantities (e.g. the stellar mass—halo mass rela-
tion, cross-correlation functions, satellite and quenching statistics,
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Figure 2. Left-hand panel: comparison between observed stellar mass functions (Appendix C2) and the best-fitting model. References for observations are
in Table C2. Right-hand panel: comparison between observed quenched fractions (Appendix C6) and the best-fitting model. Observed quenched fractions
are adapted from Bauer et al. (2013), Moustakas et al. (2013), and Muzzin et al. (2013). Notes: Almost all data from both panels were used to constrain the
best-fitting model. The exceptions are the z = 4-8 SMFs from Song et al. (2016), which are shown for comparison only; these were not used in the fitting as
the same underlying data are already represented in the z = 4-8 UVLFs and the UV-SM relations (Fig. 4). The Bolshoi—-Planck simulation used is incomplete
for low-mass haloes, contributing to an underestimation of the SMF below 10’ M atz = 0, a limit that rises smoothly to 108M byz 8.

F R ESRA LR | T T
0.1 107 i“_g_{_;_; E
= — 10°F 1 E
T R
o <2 r
= , 7 10"°F 3
& 0018 =
Z F 8 [ e z=01 o z=5
g @10 F e z=05 o ,-¢ €
@ o z=1
3 ® Data b ,=2 ® z=T7
—— Model (Observed) | 12l z=3 e 7z=8 i
—— Model (True) 10 ¢ z=4 ——Model
0001 | | | | | | | | L1 C M | | | o
0 05 1 23 4 56780910 10 10 107 10" 102

z Stellar Mass [M ]

Figure 3. Left-hand panel: comparison between observed cosmic star formation rates (CSFRs; Appendix C3) and the best-fitting model; references are in
Table C3. The red line shows the inferred true cosmic star formation rate, and the red-shaded region shows the 161" —84™ percentile range from the posterior
distribution. The blue line shows the best-fitting model after accounting for redshift-dependent observational systematic offsets. Right-hand panel: comparison
between observed specific star formation rates (Appendix C3) and the best-fitting model; references are in Table C4. Notes: All data from both panels were
used to constrain the best-fitting model. For CSFRs at z > 4, data from both magnitude-limited (M1s00 < —17) and total CSFRs (from long GRBs) are shown.
In Bolshoi-Planck, resolution limits mean that the total CSFR for all modeled galaxies is nearly identical to the CSFR for galaxies with M5090 < —17. See
Appendix C3 for further discussion.

etc.) are described in the following sections and are available
online.

4.2 The stellar mass—halo mass relation for z =0to z = 10
4.2.1 Stellar mass—halo mass ratios

We show the median stellar mass—peak halo mass ratio (SMHM
ratio) for all galaxies in Fig. 9, which agrees with past measurements
(Section 5.9). Although the SMHM ratio has little net change from
z=0toz 5, this study supports significant evolution at z > 5
(see also Section 5.10). Fitting formulae for median SMHM ratios
are presented in Appendix J.

As shown in Fig. 10, we find that central and satellite haloes have
significantly different SMHM ratios. At low halo masses, satellite
quenching time-scales are long (Section 4.7), so they grow in stellar
mass while Mpea remains fixed, leading to higher SMHM ratios.

At high halo masses, the dominant growth channel is via mergers
(Section 4.8), which are reduced for satellites due to high relative
velocities; hence, they have lower SMHM ratios than centrals.

We also find that star-forming and quenched galaxies have
significantly different SMHM ratios (Fig. 11) exceptatz 0. At
low masses (Mpeak 102 M ) and redshifts z > 0, most quenched
galaxies stopped forming stars only recently, leading to relatively
small differences. At high masses (Mpeax ~ 10'2 M ), the only star-
forming galaxies are those whose haloes have formed very recently,
resulting in less time for satellites to merge and contribute stellar
mass.

For intermediate masses (Mpeax ~ 10'2 M ), the picture is more
complex. These haloes quench and rejuvenate (Section 4.5), while
mass accretion continues. Hence, galaxies that are star-forming tend
to have higher SMHM ratios (galaxies growing faster relative to their
haloes), whereas those that are quenched have lower SMHM ratios

MNRAS 488, 3143-3194 (2019)

610Z 1870100 60 UO Jasn Aieiqi Seousiog YljeaH euoziy 10 Ausiaaiun Aq §98v8HS/S1 | €/€/881/10B11Sqe-8|01E/SBIUW/WOoD dno-olWwspeoe//:sdny woJj papeojumoq



3152  P. Behroozi et al.

)

10°F ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
210°F —510°F + E
1S F z o ]
o f 2 - 1
S10°F s | ]
> f 8 I
‘B r z=4 I 9| |
S 10°F z=5 - & 10 3
e E e 7=6 3 g o z=4 ]
g r e 7= é é L . § = g ]
- [ ) = L = i
S10°F . 529 3 = o =7 ]
g e z=10 ° z=8
7L | | | Model ] 108 E MOdeI\ | | 3
1023 22 21 20 -19 22 21 20 19 -18
M,y [AB mag] M, [AB mag]

Figure 4. Left-hand panel: comparison between observed UV luminosity functions (Appendix C5) from Finkelstein et al. (2015a) and Bouwens et al. (2016a)
and the best-fitting model. Right-hand panel: comparison between median UV-stellar mass relationships (Appendix D) for the best-fitting model and the
observed results rederived in this paper from SED stacks in Song et al. (2016). Notes: All data from both panels were used to constrain the best-fitting model.
The Bolshoi—Planck simulation used is incomplete for low-mass haloes, so we do not fit to UV luminosity functions for Mysop > —19.
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Figure 5. Comparison between galaxy autocorrelation and cross correlation functions at z 0 for the best-fitting model and the observed results rederived
from the SDSS in Appendix C7. Notes: All data from all panels were used to constrain the best-fitting model. Observational errors shown are jackknife
estimates from the observational sample. Actual fitting used covariance matrices as detailed in Appendix C7.

(no galaxy growth but continued halo growth). These differences by halo mass accretion. The difference between SMHM ratios for
are more evident at z = 2, where the ratio of galaxy SSFRs to halo quiescent and star-forming galaxies is thus sensitive to the amount of
specific accretion rates is higher (e.g. Behroozi & Silk 2015). Atz = quenching and rejuvenation, but in practice, the observed difference
0, galaxy growth is less rapid, and so galaxies have less time to grow is just as sensitive to systematic errors in the stellar masses used
significantly between periods of quenching and rejuvenation driven (Appendix C2).
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Figure 7. Comparison between primary galaxy quenched fractions as a
function of neighbour density in the SDSS (derived in Appendix C8) and
the best-fitting model (red line; 161—84™" percentile range shown as red-
shaded region). As discussed in Section 2.2, this provides an approximate
probe of the correlation between central halo and galaxy assembly. Primary
galaxies are defined as being the largest galaxy within a projected distance
of 500 kpc and a redshift distance of 1000 km s~1. Neighbours are defined
as galaxies with masses within a factor 0.3-1 of the primary galaxy. Notes:
All data from this panel were used to constrain the best-fitting model.

4.2.2 Scatter in the stellar mass—halo mass relation

We also show constraints on scatter in the SMHM relation in
Fig. 12. Our primary observational constraint on scatter comes
from correlation functions (Figs 5 and 6), but this is somewhat
degenerate with the orphan fraction (see Appendix B). Without
orphans, our model cannot match autocorrelation functions for
low-mass galaxies, which are largely unaffected by scatter. As a
result, autocorrelation functions for larger galaxies (which are more
sensitive to scatter) can be reproduced with somewhat larger scatters
than previous works that did not include orphans (e.g. Reddick et al.
2013). It is possible that a more complicated orphan model could
reduce the need for additional scatter; constraining such a model
would require additional observational data beyond what is used
here (see Section 5.8).

In the model, satellites have much larger scatter than central
galaxies (Fig. 12, left-hand panel), due to the orbit-dependence of
continued star formation after infall. Similarly, quenched galaxies
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Figure 8. Average infrared excess (IRX) as a function of observed UV
luminosity from ALMA data at z = 4-7 (Bouwens et al. 2016b) and the
best-fitting model (lines; 161—84™ percentile range at z = 4 shown as cyan-
shaded region). Notes: All data from this panel were used to constrain the
best-fitting model. Observational data are offset slightly in UV luminosity to
increase clarity between different redshifts. The best-fitting model evolves
very little with redshift, so model lines are not distinguishable.

have larger scatter than star-forming galaxies, as quenched pop-
ulations have larger satellite fractions. We also find lower scatter
in stellar mass towards higher halo masses. This results from an
increasing fraction of mass growth via mergers (Fig. 27; see also
Behroozi et al. 2013e; Moster et al. 2013; Gu et al. 2016); other
empirical models (e.g. Moster et al. 2018) show similar trends.

Our current constraints are consistent with either no redshift
evolution in the scatter or a slight increase toward higher redshifts
(Fig. 12, right-hand panel). Increased scatter is most prominent for
haloes near 10* M . Haloes near this mass grow primarily by star
formation, and so are dramatically affected by quenching (see also
Fig. 21, right-hand panel) if it is not perfectly correlated with mass
growth. Galaxies in lower-mass haloes are mostly star-forming and
hence have smaller variations in SFHs (see also Fig. 21, left-hand
panel). Galaxies in larger haloes grow primarily by merging, which
is more correlated with halo mass growth. Indeed, had our model
correlated quenching directly with halo mass growth instead of
change in v, the overall scatter would be lower and the feature
near 102 M would not exist (see Moster et al. 2018).

4.3 Average SFRs and star-forming fractions

Average SFRs and star-forming fractions for the best-fitting model
are shown as a function of Mpea and z for all galaxies in Fig. 13.
Similar to past results (e.g. Behroozi et al. 2013e), high mass haloes
exhibitashort period of very intense star formation and then quench,
whereas lower-mass haloes have much more extended SFHs. The
most notable difference from previous modeling is an improved
treatment of quenching in massive haloes (Section 3.2), which
reduces their expected star formation rates. We caution that star
formation rates for central galaxies in massive haloes are none the
less very hard to measure observationally, so the values in Fig. 13
for massive quenched haloes should be treated as upper limits (see
also the formal uncertainties in Fig. 14, left-hand panel).

At z > 1, Fig. 13 shows a strong correlation between halo
mass and quenching; a difference of 1.5 dex in host halo mass
separates populations that are nearly 100 per cent star-forming from
those that are nearly 100 per cent quenched. For z < 1, satellite
quenching becomes more important, and so quenched galaxies
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appear over a broader range in halo mass. As discussed in later
sections, haloes with moderate quenched fractions (30-70 per cent)
are more susceptible to quenching via differences in assembly
rates.

At fixed halo mass, average quenched fractions for galaxies
decrease significantly with increasing redshift. The SMHM re-
lation evolves relatively little from z = 0-4 (Fig. 9), whereas
fo(M ) evolves significantly (Fig. 2), requiring fo(My) to evolve
significantly with redshift as well. This is qualitatively (but not
quantitatively) in agreement with Dekel & Birnboim (2006), as
discussed in Section 5.2. Formal uncertainties are shown in Fig. 14
(right-hand panel), and are under 10 per cent for almost all redshifts
and halo masses.

We show the underlying constraints on SFRsg(Vmpeak, z) and
fo(Vmpeak, Z) in Fig. 15. The average SFR in Fig. 13 is the product
of the left- and right-hand panels of Fig. 15, with a small correction
for scatter. The left-hand panel suggests that when galaxies in
massive haloes are able to form stars, they do so extremely rapidly
— qualitatively consistent with observations of the Phoenix cluster
(McDonald et al. 2013) and precipitation theory (Moit et al. 2015).
However, the highest star-formers on average are in lower-mass
haloes at higher redshifts, where the quenched fractions are much
lower.

4.4 Average star formation histories

Average SFHs are shown in Fig. 16 as a function of halo mass
and redshift. Quenched galaxies have lower recent SFHs and
higher early SFHs, which is expected for any model that correlates
quenching with assembly history. That is, lower present-day SFRs
imply an earlier halo formation history, which then gives higher
SFRs at early times. Central galaxies’ SFRs are more similar to
satellites’ SFRs as compared to what might have been naively
expected. As discussed in Section 4.7, star-forming satellites have
similar SSFRs as star-forming central galaxies. Hence, the ratio
between their average late-time SFHSs is approximately the ratio
of the star-forming central fraction to the star-forming satellite
fraction. This ratio is never large: small haloes are mostly star-
forming regardless of being centrals or satellites, and large haloes’
star-formation rates do not depend as much on assembly history
(Section 4.6). The fact that satellite SFHs are higher on average
than central SFHs is related to the fact that satellites’ peak halo
masses do not grow after infall; as a result, they have more stellar
mass at a given Mpea« (see Section 4.2).

Average SFHs for galaxies are shown in Fig. 17 as a function
of lookback time. Stellar populations older than 1-2 Gyr have very
similar colours (Conroy et al. 2009), so differences beyond that time
are very difficult to observe. Galaxies broadly follow the same trends
as haloes, with quenched galaxies and satellite galaxies having
earlier formation histories than star-forming galaxies and central
galaxies; the most significant differences occur within 3 Gyr of
z=0.

4.5 Distribution of individual galaxies’ star formation histories

Turning to individual halo histories reveals tremendous diversity,
as shown in Fig. 18. The significantly overlapping total SFHs for
M, > 102 M suggest that the z = 0 halo mass alone gives limited
information on the galaxy’s recent SFH (z < 1). The halo mass
is instead a better predictor of when the galaxy’s star formation
rates peaked, as well as their early SFH — i.e. at times when the
progenitors had masses less than 102 M . This is partially because
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itis observationally difficult to constrain SFRs in quenched galaxies,
and partially because significant fractions of galaxy growth in My
> 102 M haloes are from mergers (Section 4.8), so that contrast
between their histories is diminished.

For SSFR histories (Fig. 18, middle-left panel), the z = 0
halo mass strongly influences the range of redshifts over which
quenching takes place. As noted in Section 4.3, 102 M haloes
experience quenching over a very extended period of time, leading
to more opportunities for rejuvenation. Quenching in 102M and
smaller haloes only began recently (z < 0.5) for the majority of
galaxies.

Halo mass is a much better predictor of IHL histories as compared
to stellar mass histories (Fig. 18, middle-right and top-right panels).
IHL depends only on mergers, which are significantly more scale-
free than the process of galaxy formation (Fakhouri, Ma & Boylan-
Kolchin 2010; Behroozi et al. 2013c). That said, since central galaxy
stellar masses increase with dark matter halo mass, one dex increase
in halo mass results in more than one dex increase in IHL; this is
especially evident for low-mass haloes where the stellar mass—halo
mass (SMHM) relation’s slope is greatest (Section 4.2).

We find broad scatter in the stellar haloes of low-mass haloes,
with ojim 0.6 dex for 102M  and 1 dex for 10M'M
haloes (Fig. 18, bottom panel). These are somewhat higher than
predictions in Gu et al. (2016) of oy /m  0.38 dex (combining
0.2 dex scatter in M with 0.32 dex scatter in My ). Our inclusion
of orphan galaxies (Appendix B) explains part of this difference;
this choice reduces galaxy merger rates by a factor of 2, thus
increasing Poisson scatter. In addition, our use of the Bernardi et al.
(2013) corrections to low-redshift SMFs results in more light being
associated with the central galaxy instead of the IHL. This in turn
decreases the fraction of mergers that disrupt into the IHL instead
of the central galaxy, explaining the rest of the increase in scatter.
For massive haloes, the IHL becomes > 10 per centof M atz 1.
However, given that photometric surveys have only recently started
capturing most of M (Appendix C2) at these redshifts, and given
the difficulty of removing satellites (including unresolved sources)
from galaxy light profiles, this is subject to the methodology
employed.

Despite the diversity of stellar mass histories, galaxy progenitors
adhere to well-defined SMHM relations (Fig. 18, left-hand panel).
The broadening of the scatter at early times is mostly due to
halo progenitors no longer being resolved in the simulation. As
in Behroozi et al. (2013e), haloes reach peak SMHM ratios when
their halo masses reach 10> M . Haloes that have not reached this
mass at z = 0 show increasing SMHM ratio histories, whereas
those that have passed 10> M at z = 0 show decreasing histories.
The tightness of the scatter in SMHM histories depends on how well
halo assembly correlates with galaxy assembly (Section 4.6), which
is in turn constrained via star-forming versus quenched galaxies’
correlation functions. Hence, future measurements of SSFR-split
correlation functions at z > 1 will be an important test of this model
(Behroozi et al. 2019; see also Section 4.9).

Finally, we show derived constraints on fractional assembly
times for z = 0 galaxies in Fig. 19. We find the same general trends
as Pacifici et al. (2016) — e.g. that more massive galaxies form more
of their stars at early times over a shorter time period, and that star-
forming galaxies have more recent assembly histories. That said,
more massive galaxies in the model do have earlier formation times.
This is especially apparent for massive star-forming galaxies, in
which recent star formation can make it very difficult to distinguish
between a very old underlying population of stars and an only
moderately old population. As a result, SED-fitting techniques will
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< 11.25. Notes: Quiescent SSFRs in our models are fixed to 10718 yr=1 (Section 3.2), explaining why massive haloes’ SSFRs are close to this value at low

redshifts.

sample the prior space evenly, resulting in lower average stellar
ages.

4.6 Correlations between galaxy and halo assembly and the
permanence of quenching

The rank correlation between galaxy SFR and halo assembly rate
(= Vmax, equation 1) is significant and unequivocally detected
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(Fig. 20). There may also be a weak trend with halo mass. Small
haloes’ SFRs are more correlated with their assembly history (r;

0.6), whereas large haloes’ SFRs may be more independent (r

0.5). Observationally, the clearest effect of a strong halo—galaxy
assembly correlation is that satellites are quenched much more often
than centrals; this also causes large separations in quenched versus
star-forming galaxies’ correlation functions. Almost all quenched
dwarf galaxies (M < 10°M ) are satellites (Geha et al. 2012),
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Figure 20. Constraints on the rank correlation coefficient (rc; equation 16)
between halo growth ( vmax; equation 1) and galaxy SFR, as a function of
host halo mass at z = 0. Shaded regions show the 161 — 84! percentile
range across the model posterior space.

implying a strong assembly correlation. Yet, the relative difference
in quenched fractions for centrals and satellites becomes less with
increasing mass (Wetzel et al. 2012), as does the relative difference
in clustering strength between quenched and star-forming galaxies
(Fig. 5). Massive haloes hence plausibly have weaker correlations
between galaxy SFRs and halo assembly. At the same time, galaxies
in massive haloes grow mainly via mergers, so that this lower
correlation does not cause increased scatter in the SMHM relation
(Fig. 12).

In models where galaxy assembly correlates with halo assembly,
galaxy rejuvenation (i.e. the resumption of star formation following
a period of quiescence) is a generic feature (e.g. Fig. 21, right-
hand panel). Almost by definition, proxies of halo assembly change
significantly over a dynamical time (e.g. from mergers, accretion,
or infall into another larger halo); these changes will in turn affect
galaxy SFRs. If a galaxy population’s quenched fraction changes
slowly compared to halo dynamical times, changes in halo assembly
rates will have the most opportunity to switch galaxies from being
star-forming to quenched and vice versa. This is especially the
case for galaxies in 102—10% M haloes, which quench at a
rate of < 10 per cent per dynamical time (Fig. 16, right-hand
panel; see also Fig. 18, middle-left panel). More massive haloes
become fully quenched too rapidly, and less-massive haloes never

have large enough quenched fractions for rejuvenation to be as
common.

We find exactly this behaviour arising in the models (Fig. 22).
Here, we define rejuvenation as at least 300 Myr of quiescence,
followed by at least 300 Myr of star formation; this prevents brief
spikes of quiescence (as in the black curve att = 5 Gyr in Fig. 21,
right-hand panel) or star formation from counting as a rejuvenation
event. The majority of 102—10'* M haloes at z = 0 experienced
at least one rejuvenation event in their past. This fraction falls
significantly for both higher and lower halo masses, as well as at
z = 1 when galaxy quenched fractions were significantly lower.
Unfortunately, this behaviour is difficult to observe in integrated
colours or spectra. Rejuvenated galaxies at z = 0 typically spent

1 Gyr forming stars since their last quiescent period (Fig. 23,
left-hand panel), which typically lasted 2 Gyr. The brightness of
young stars and the similarity in colours of 2 Gyr versus 4 Gyr stellar
populations thus make this very difficult to detect. Time-scalesatz =
1 are somewhat more amenable to observations (Fig. 23, right-hand
panel), perhaps with LEGA-C (van der Wel et al. 2016), although
a much smaller fraction of galaxies at that cosmic time had been
rejuvenated (Fig. 22).

4.7 The fate of satellite galaxies post-infall

Except for massive galaxies, most quenched satellites at z = 0
became quenched after infall into a larger halo (Fig. 24, left-hand
panel). Past investigations of satellite quenching (e.g. Wetzel et al.
2013; Wheeler et al. 2014; Wetzel, Tollerud & Weisz 2015; Oman &
Hudson 2016) assumed that all satellites quench after the same delay
time following infall. We find the same basic trends as these previous
works (Fig. 24, right-hand panel); low-mass galaxies quench on
average much longer after infall than high-mass galaxies, and there
is little dependence on delay time-scales with host halo mass for
Mpost = 1018 M .

A key assumption of the uniform time-delay models is that
satellites quench in order of infall time. This is not true for the
model and presumably the real Universe as well, as satellites arrive
at their host haloes with a wide variety of SSFRs (Fig. 25, left-hand
panel). Some are on the verge of quenching, and so quench rapidly
after infall, whereas some remain on the star-forming main sequence
until z = 0. In addition, satellites have a wide variety of post-infall
trajectories: some satellites on very radial orbits are stripped and
quenched very quickly, whereas others remain on more circular
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Right-hand panel: same, atz = 1.

orbits and experience much less disruption. This results in the broad
distribution of quenching time delays we find (Fig. 24, right panel),
and also introduces a correlation between the average quenching
time delay and the average infall time. For example, as satellites
in Milky Way-like hosts (Mnost  10* M ) had later average infall
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times (Fig. 25, right-hand panel), a smaller fraction of the satellites
that will eventually quench had time to do so by z = 0. As a
result, average delay times for quenched galaxies in these haloes
are systematically lower than those inferred by uniform delay time
models.
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Delay time models often implicitly assume that post-infall
quenching is entirely due to interactions with the host halo. Being a
satellite certainly results in a higher probability of being quenched
(Fig. 26, left-hand panel). However, central galaxies are also
quenching at the same time. Just as a ‘quenching delay time’ is
meaningless for a central galaxy, it is meaningless for the large
fraction of satellite galaxies that would have quenched even if they
had been in the field. Indeed, for galaxies with M > 105 M , the
majority of quenched z = 0 satellites would have quenched without
any host interactions (Fig. 26, left-hand panel). Considering the
excess quenched fraction of satellites in absolute terms (fy sa(M )

still star-forming), leading to the common misperception that most
satellites are quenched.

4.8 Fraction of stellar mass from in situ versus ex situ growth

The fraction of stellar mass from ex situ versus in situ star-
formation increases with increasing halo mass and decreasing
redshift (Fig. 27, left-hand panel). As massive galaxies are mostly
quenched (Fig. 2, right-hand panel), their only channel for growth
comes via mergers of smaller haloes. However, because of the shape
of the SMHM relation (Fig. 9), haloes with My < 102M have

— 4 cen(M ), we find that this never exceeds 30 per cent (Fig. 26,
right-hand panel), similar to past results (Wetzel et al. 2012; Wang
et al. 2018). Regardless of how one then defines ‘quenching due to
infall,” this result suggests that it does not happen to most satellites.
As discussed in Section 5.3, cluster images typically show only
the most visually interesting inner regions (where most satellites
are quenched) instead of the outskirts (where many satellites are

strongly decreasing stellar fractions towards lower masses. As a
result, mass growth via mergers is only efficient for haloes with My,
> 102 M . This is also reflected in the IHL to M ratio (Fig. 27,
right-hand panel). We find that the IHL / M ratio reaches 0.3 at
halo masses of 104 M atz = 0. Thisis 0.5 dex lower than past
results (e.g. Gonzalez, Zaritsky & Zabludoff 2007; Behroozi et al.
2013e; Moster et al. 2013), as the SMFs used in this study assign
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more light to the central galaxy that previously would have been
assigned to the IHL (Bernardi et al. 2013; Kravtsov et al. 2018).
Direct comparison with Behroozi et al. (2013e) is available online.

4.9 Predictions for galaxies’ autocorrelation and weak lensing
statistics

Fig. 28 shows predictions for a hypothetical PRIMUS-like survey
extending to z = 2. At fixed galaxy mass, the overall clustering
signal decreases from z =0to z = 1 partially due to reduced satellite
fractions at higher redshifts. The clustering signal increases again
from z = 1 to z = 2 due to the increased rarity (and hence bias) of
the host haloes. As the quenched fraction decreases with increasing
redshift, quenched galaxies have increasingly larger offsets relative
to the all-galaxy correlation function (Fig. 28, bottom-right panel).
That is, being quenched at higher redshifts requires increasingly
extreme accretion histories, resulting in only the most stripped (and
therefore clustered) haloes at high redshift being quenched. Simi-
larly, star-forming galaxy correlation functions also increase relative
to the all-galaxy correlation function with increasing redshift.

We generate weak lensing predictions via projected dark matter
surface densities in Bolshoi—Planck. Surface densities are integrated
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along the full extent (250 Mpc h™?1) of the z-axis in projected radial
bins around each halo. Given the surface density  (r,), we compute
the excess surface density

P (r)mrdr
= 0 _
(rp) - T[rg

(rp). (30)

Fig. 29 shows the resulting predictions; see Hearin et al. (2014)
for a discussion of the limitations of this approach. Similar to
autocorrelation functions, the lensing signal decreases from z =
0 to z = 1, partially due to lower satellite fractions, and partially
due to lower halo concentrations (Diemer et al. 2013; Diemer &
Kravtsov 2015; Rodriguez-Puebla et al. 2016b). The latter is
especially evident at halo outskirts. The same factors continue
to affect the lensing signal at higher redshifts; hence, the lensing
signal continues to decrease in contrast to the galaxy autocorrelation
signal. Combined with a decreasing number density of lens sources
at higher redshifts, this suggests that clustering will offer better
halo mass constraints than lensing at high redshifts. Predictions for
clustering at z > 2 relevant to the James Webb Space Telescope are
presented in R. Endsley et al. (in preparation).
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4.10 Systematic uncertainties

Stellar masses have many systematic uncertainties, including the
SPS model, dust, metallicities, and SFHs assumed (Conroy et al.
2009; Conroy & Gunn 2010; Behroozi et al. 2010). Empirical
models allow self-consistently treating uncertainties in dust (e.g.
Imaraetal. 2018), metallicity (e.g. Lu, Mo & Lu 2015a; Lu, Blanc &
Benson 2015c), and SFHs (e.g. Moster et al. 2013, 2018; Behroozi
et al. 2013e) when fitting to multiband luminosity functions, poten-
tially removing many of these systematic uncertainties. The current
model is a first step in this direction, despite the simplicity of the
dust model assumed and the lack of non-UV luminosity functions.
A comparison between specific SFRs and stellar mass function
evolution reveals strong inconsistencies between observations that
would be resolved by 0.3 dex higher stellar masses (or 0.3 dex lower
SFRs) at z =2 (Appendix C4). Regardless, our inferred ‘true’ stellar
masses and star formation rates are always within 0.3 dex of the
observed values (e.g. Fig. 3, left-hand panel).

4.11 Additional data available online

The online data release includes underlying data and documentation
forall the figures in this paper, as well as additional mass and redshift
ranges where applicable, as well as model posterior uncertainties
where possible. The data release also includes halo and galaxy
catalogues for the best-fitting model applied to the Bolshoi—Planck

simulation (both in text format and in an easily accessible binary
format integrated with HALOTOOLS; Hearin et al. 2017), full star
formation and mass assembly histories for haloes at z =0, 1, and
2, and mock lightcones corresponding to the five CANDELS fields
(Grogin et al. 2011). The data release includes a snapshot of the
UNIVERSEMACHINE code (Appendix F) that was used for this paper.

5 DISCUSSION

We discuss how results in Section 4 impact connections between
galaxy and halo assembly (Section 5.1), central (Section 5.2) and
satellite (Section 5.3) quenching, tracing galaxies across cosmic
time (Section 5.4), equilibrium/bathtub models of galaxy formation
(Section 5.5), ‘impossibly early” galaxies (Section 5.6), uniqueness
of the model (Section 5.7), and orphan galaxies (Section 5.8); we
also compare to previous results (Section 5.9) and discuss evolution
in the stellar mass—halo mass relation (Section 5.10). We discuss
how additional observations and modeling could address current
assumptions and uncertainties (Section 5.11), and finish with future
directions for empirical modeling (Section 5.12).

5.1 Connections between individual galaxy and halo assembly

We find that star-forming galaxies reside in significantly more
rapidly accreting haloes than quiescent galaxies (Section 4.6).
This is especially clear for satellites, which drive differences
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in autocorrelation functions between quenched and star-forming
galaxies (Fig. 5). It is also clear for ‘backsplash’ galaxies — i.e.
those that passed inside a larger host’s virial radius before exiting
again; these drive the environmental dependence of the quenched
fraction for central galaxies (Fig. 7).

Correlation constraints are much weaker for central galaxies
that never interacted with a larger halo. Indeed, Tinker, Wetzel &
Conroy (2011) and Tinker et al. (2017) argue that no correlations
exist between low-mass galaxy assembly and quenching except for
satellite and backsplash galaxies (as in Peng et al. 2010, 2012). That
said, their main evidence is that star-forming fractions for central
galaxies seem not to depend on environmental density except for the
highest-density environments. As shown in Fig. 7, the model herein
has no problem matching this behaviour even with a fairly strong
quenching-assembly correlation, similar to the finding in Wang et al.
(2018); this is due to the fact that assembly histories do not change
significantly for haloes in low- versus median-density environments
(Lee et al. 2017). Behroozi et al. (2015a) argue that enhanced
mass accretion during major mergers does not correlate with galaxy
quenching at z = 0; however, this does not preclude a correlation
with smooth accretion. Determining correlations between smooth
matter accretion rates and galaxy formation will require alternate
techniques to measure halo mass accretion rates, such as splashback
radii (e.g. More et al. 2016).

If quenching does correlate with assembly history for isolated
centrals, then it becomes very difficult to avoid rejuvenation
(Section 4.6) in 10" M galaxies. This is because such galaxies’
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quenched fractions increased slowly over many halo dynamical
times — so that changes in assembly history occurred much more
rapidly than changes in the quenched fraction. Thus, the number
of such galaxies that quench at any given time due to recently low
or negative accretion rates must be approximately balanced by the
number of galaxies that rejuvenate due to recently high accretion
rates. Avoiding this is possible only if central galaxy quenching
is not significantly correlated with halo assembly. As a result, the
depth of the green valley in colour space represents another way to
test quenching models, as multiple passes through the green valley
will lead to a shallower valley than models where galaxies quench
only once.

5.2 Central galaxy quenching

At fixed halo mass, we find that the galaxy-quenched fraction
decreases with increasing redshift (Section 4.3). This is a robust
conclusion in other empirical models (e.g. Moster et al. 2018), due
to the decreasing galaxy quenched fraction at fixed stellar mass (e.g.
Muzzin et al. 2013) and the constancy of the stellar mass—halo mass
relation from z = 4 to z = 0 (Behroozi et al. 2013c). Vice versa, as
shown in Fig. 30, the halo mass at which a fixed fraction of galaxies
are quenched (e.g. 50 per cent) increases with increasing redshift.
This latter fact implies that a virial temperature threshold alone
is not responsible for quenching. Virial temperatures increase
with redshift at fixed halo mass, so a constant virial temperature
quenching threshold would predict that the threshold halo mass for
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quenching should decrease with increasing redshift (Fig. 30). A
similar argument applies to thresholds in the ratio of the cooling
time to the halo dynamical time (or the free-fall time or the
age of the Universe, which are proportional). These typically
give redshift-independent quenched fractions with halo mass (see
fig. 8.6 in Mo, van den Bosch & White 2010). Here, we adopt a
crude cooling time estimate from Mo et al. (2010):

Tui 10~3 cm~3
9 vir
ool 15 10°yr ot ~ (31)
1072 erg cm® 571
(Tvir) ’

where ny is the average density of hydrogen atoms in the halo;
we take the cooling function (T) from De Rijcke et al. (2013)
fora 1/3Z gas. For the halo dynamical time, we define as before
tayn = (%nGpvir)‘%. As shown in Fig. 30, a model where haloes
quench above a constant teyo1/tayn threshold may be plausible from
z=0toz =1, butthis model is inconsistent with our resultsatz > 1.

Dekel & Birnboim (2006) posit that at higher redshifts, cold
streams can more effectively penetrate hot haloes (My, > 102 M ),
allowing for residual star formation. As shown in Fig. 30, our
best-fitting model allows gradually more residual star formation
in hot haloes with increasing redshift. Yet, Dekel & Birnboim
(2006) predicted a steeper transition for cold streams to exist in
hot haloes at redshifts z > 1.5 — 2 than we find here, suggesting
that the quantitative details of quenching are different. Indeed, this
is expected at a basic level because Dekel & Birnboim (2006) do
not discuss the effect of black holes, which are also expected to play
arole in quenching (e.g. Silk & Rees 1998).

Isolated central haloes (as opposed to backsplash haloes) rarely
lose matter, and so their quenching in this model is driven by
recent mergers and random internal processes. During a merger,
the maximum circular velocity (vVmax) will rapidly increase during
first passage, resulting in a burst of star formation; vmax then rapidly
decreases as kinetic energy from the merger dissipates into increased
halo velocity dispersion and lower halo concentration (Behroozi
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et al. 2014a). In the latter phase, the galaxy will be quenched in
our model, resulting in a post-starburst galaxy. As the quenched
fraction decreases toward higher redshifts, only the most extreme
merging events will result in quenched centrals, meaning that the
fraction of quenched non-satellite galaxies that are post-starburst
will increase with redshift. We hesitate to call this a prediction,
since a different equally reasonable choice of halo assembly proxy
may have different behaviour; instead, it is a testable hypothesis.

5.3 Satellite galaxy quenching

For satellites, many quenching mechanisms have been proposed,
including ram-pressure/tidal stripping (Gunn & Gott 1972; Byrd &
Valtonen 1990), strangulation (Larson, Tinsley & Caldwell 1980),
accretion shocks (Dressler & Gunn 1983), and harassment from
other satellites (Farouki & Shapiro 1981), among others. Given the
diversity of satellite orbits and infall conditions, it is likely that
all of these mechanisms each quench some fraction of satellites.
For example, extremely high fractions of quenched galaxies in
cluster centers (Wetzel et al. 2012) may suggest that galaxies
quench rapidly there. That said, we find that satellite quenching
is neither efficient nor necessarily a rapid process for most satellites
(Section 4.7), suggesting that accretion shocks may not be dominant.
In addition, harassment from other satellites is problematic because
high velocities inside clusters mean that strong interactions are
less likely to occur (Binney & Tremaine 2008). This suggests that
inefficient ram-pressure/tidal stripping (e.g. Emerick et al. 2016)
coupled with strangulation is sufficient to explain most satellite
quenching (see also Balogh et al. 2016; Fillingham et al. 2018).
In addition, feedback models that launch galaxy gas to significant
fractions of the virial radius (leading to efficient stripping) will
generically overproduce satellite galaxy quenched fractions.

5.4 Tracing galaxies back in time

Using cumulative number densities to follow galaxy progenitors
(e.g. Leja, van Dokkum & Franx 2013; van Dokkum et al. 2013;
Lin et al. 2013) has become an increasingly popular approach
despite the large scatter in progenitor histories (Behroozi et al.
2013f; Torrey et al. 2017; Jaacks, Finkelstein & Nagamine 2016;
Wellons & Torrey 2017). Recently, Clauwens, Franx & Schaye
(2016) noted differences between median progenitor histories for
star-forming and quenched galaxies in the EAGLE simulation
(Schaye et al. 2015). In our best-fitting model, we also find such
differences (Fig. 31, top panel), but find as in Clauwens et al.
(2016) that the scatter in individual progenitor histories dwarfs
the median difference at all redshifts. Joint selection on cumulative
number density and SSFR will be explored in future work. Most
of the power in differentiating galaxy properties may only come
over galaxies’ recent histories; e.g. the difference in progenitor
star-forming fractions between quenched and star-forming galaxies
largely disappears by z = 0.5 (Fig. 31, middle and bottom panels).

5.5 Equilibrium versus non-equilibrium models

In equilibrium (a.k.a., ‘steady-state’ or ‘bathtub’) models of galaxy
formation (e.g. Bouché et al. 2010; Davé et al. 2010; Lilly et al.
2013), galaxies form stars according to average gas accretion rates
scaled by a mass-dependent efficiency. Observational evidence that
galaxies behave in this way on average (e.g. Behroozi et al. 2013c)
gave rise to empirical models in which individual galaxies’ SFRs are
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Figure 31. Top panel: stellar mass histories for star-forming and quenched
galaxies at  Milky Way masses. Middle panel: for star-forming galaxies
at z = 0, the fraction of their main progenitors that are quenched as a
function of redshift. By definition, this fraction is 0 at z = 0. Bottom panel:
same, for quenched galaxies at z = 0; by definition, the fraction is 1 at
z = 0. Differences between main progenitor quenched fractions for z = 0
quenched and star-forming galaxies largely disappear by z = 0.5.

linearly related to halo gas accretion rates (Becker 2015; Rodriguez-
Puebla et al. 2016a; Sun & Furlanetto 2016; Cohn 2017; Mitra
et al. 2017; Moster et al. 2018). In principle, the average behaviour
could also be reproduced if individual galaxies’ positions varied
randomly on the SSFR main sequence, with no relation to mass
accretion rates. At z = 0, two lines of evidence are inconsistent
with linear relationships between mass accretion rates and star
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Figure 32. Average galaxy star formation efficiency, defined as the ratio
of average galaxy SFR to the average baryonic mass accretion rate of the
host dark matter halo. This is shown as a function of cosmic time and peak
halo mass (at the given cosmic time, as opposed to z = 0). The baryonic
mass accretion rate is approximated as T, Mh, where f, = 0.16 is the cosmic
baryon fraction. Compare to analogous figure in Behroozi et al. (2013c)
online. Notes: Relative uncertainties are the same as for average galaxy
SFRs, shown in Fig. 14 (left-hand panel).

formation rates; specifically, star-forming satellites’ SSFRs are
not offset significantly from star-forming centrals’ SSFRs (Wetzel
et al. 2012), and major halo mergers do not result in enhanced
star-forming fractions or enhanced SFRs for star-forming galaxies
(Behroozi et al. 2015a).

The model in this paper reproduces an average ratio between
gas accretion and star formation that is nearly constant in time
(Fig. 32), using a strong but imperfect correlation between galaxy
assembly and halo assembly ( 0.5—0.6; Section 4.6). If indeed
main-sequence SSFRs were perfectly correlated with assembly
historyatz 0, it would be very difficult for satellite fractions to be
large enough to explain the autocorrelation function for galaxies; we
also find that star-forming central galaxies’ SSFRs do not depend
much on environment density (Appendix C8; see also Berti et al.
2017), whereas central halo accretion rates are known to do so (Lee
et al. 2017).

We note that even for models where SFR depends only on halo
mass and cosmic time (i.e. not on assembly history), long-term
correlations between halo and galaxy growth can result. Because
SFR rises steeply with halo mass for M, < 10> M , a larger growth
in halo mass will guarantee a larger change in SFRs and therefore
in M . On the other hand, mergers can reduce correlations between
stellar mass growth and halo mass growth due to the shape of the
SMHM relation; this is especially true for massive haloes. The
combination of mergers and induced SFR-halo growth correlations
results ina very nontrivial shape for how overall galaxy growth—halo
growth correlations depend on the averaging time-scale (Fig. 33).

5.6 ‘Impossibly’ early galaxies

Steinhardt et al. (2016) recently found that z > 4 galaxy number
densities are too large to reconcile with CDM dark matter
halo number densities unless certain conditions are met. Of these
conditions, we find that it is sufficient for stellar fractions in dark
matter haloes to increase with increasing redshift (Section 5.9; see
also Jaacks et al. 2012a; Liu et al. 2016; Behroozi & Silk 2015,
2018). The best-fitting model matches both observed stellar mass
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Figure 33. Top panel: rank correlation of average galaxy specific growth
rate ( d"’%"" ) to average specific halo mass accretion rate ( % )as
a function of averaging time at z = 0 for the best-fitting model. Also shown
for comparison is the Stellar-Halo Accretion Rate Coevolution (SHARC)
assumption from Rodriguez-Puebla et al. (2016a), corresponding to a rank
correlation of 1 for averaging over a dynamical time. Bottom panel: Same,
at z = 2. In both panels, the grey dotted line denotes the dynamical time at

the given redshift.

functions (Fig. 2) and UV luminosity functions (Fig. 4) at z > 4,

using reasonable stellar fractions (Fig. 9), dust attenuation (Fig. 8),

and SPS models (Fsps; Conroy et al. 2009). Thus, we do not find

the observed z > 4 number densities to be a cause for concern with
CDM.

5.7 Uniqueness

With one-point statistics (SMFs, SFRs, and quenched fractions)
alone, there are many mathematically allowed solutions for galax-
ies” SFHs (e.g. Gladders et al. 2013; Kelson 2014; Abramson et al.
2015, 2016). This arises because individual galaxies’ long-term
star-formation histories are not directly measured by such statistics,
requiring an additional constraint. Our method relies on z < 1
clustering and environmental constraints to anchor the relationship
between galaxies and haloes. As haloes’ growth histories are well-
measured (Srisawat et al. 2013), the uniqueness of the solution is set
by the tightness of the galaxy-halo relationship, implying that long-
term stellar mass growth histories can be inferred to within 0.3 dex
(Fig. 18, top-right panel) if the halo mass is known. Matching the z
> 1 stellar mass—halo mass relation from independent clustering
measurements (Section 5.9) is thus a nontrivial prediction that
favours model uniqueness.
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That said, constraining recent SFR histories is challenging even
if the halo mass is known (Fig. 18, top-left panel). This is especially
true at z < 2, where halo mass has little predictive power for galaxy
SFRs for My, > 10> M galaxies (see also Behroozi et al. 2013e).
Knowledge of halo growth rates does appear to help (Figs 20 and
33), but less so for the most massive galaxies. Physically, this is
consistent with more stochastic star formation in massive galaxies
at late times (e.g. due to fluctuating activity in the central black
hole), but more predictable (i.e. more constrainable) star formation
in lower-mass galaxies and at early times.

5.8 Orphan galaxies

Orphans are very strongly preferred in our posterior distribution,
with satellite fractions roughly 25 per cent larger than would be
expected from the N-body simulation alone. As detailed in Ap-
pendix B, this arises because of tension between the need for a
large satellite fraction at a given stellar mass (to match the observed
autocorrelation for all galaxies) and the need for low satellite star
formation rates (to match differences between quenched and star-
forming correlation functions). This tension is not helped by the
evolution of the stellar mass—halo mass (SMHM) relation to lower
efficiencies at z = 1 compared to z = 0, as then satellites have
even less stellar mass at infall compared to a non-evolving SMHM
relation. Many potential resolutions are not self-consistent; e.g.
using a stellar mass proxy that gives additional stellar mass to
satellites (as in Reddick et al. 2013). Campbell et al. (2018) suggest
that it may be possible to resolve this tension self-consistently
through other means, including by allowing satellite galaxies to
grow after accretion and to have stellar masses that correlate
with halo assembly history. Yet, although our model allows (and
includes) both these alternative solutions, orphans are still strongly
preferred; Moster et al. (2018) reach a similar conclusion.

Observational data could constrain a more complex orphan model
than examined here. In our fiducial model, satellites are retained
until they fall below a certain VVMmﬁ ratio (i.e. Tmerge). That said, the
most realistic choice of which satellites to retain could also depend
on the orbit, the time since infall, and the simulation’s resolution.
Additional data, such as the radial profiles of quenched and star-
forming galaxies around groups and clusters (e.g. Wetzel et al.
2012), could then provide observational constraints for these more
complex orphan models.

5.9 Comparison to previous results

We compare the median stellar mass—halo mass ratios from the
model to past results at z = 0.1 (Fig. 34), z = 1-3 (Fig. 35), and
z = 5-7 (Fig. 36). All results have been converted to use the same
halo mass definition (My;;; Bryan & Norman 1998). Abundance
matching results have been further converted to our adopted Planck
cosmology (Section 2.1); as converting the cosmologies of other
techniques requires re-running the original analysis, we have left
those as-is. Planck-consistent cosmologies have more haloes at
a given mass compared to WMAP, especially at higher redshifts
(Rodriguez-Puebla et al. 2016b). The corresponding effect on the
SMHM relation depends on % with the result that haloes with
My < 102 M are more affected than haloes with My, > 102 M
(Fig. 37).

The comparison agrees extremely well across all redshifts, halo
masses, and techniques, with the exception of My, > 108¥ M atz <
1. As discussed in Appendix C2, this is due to revised photometry
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Figure 34. Median observed stellar mass—halo mass relation for our best-fitting model (labelled as ‘UniverseMachine DR1”) compared to previous results at
z = 0.1. Results compared include those from our previous works (Behroozi et al. 2010, 2013e), from empirical modeling (EM; Moster et al. 2013, 2018;
Birrer et al. 2014; Lu et al. 2015b; Rodriguez-Puebla et al. 2017), from abundance matching (AM; Moster et al. 2010; Reddick et al. 2013; Shankar et al. 2017),
from Conditional Stellar Mass Function (CSMF) modeling (Yang et al. 2012; Wang et al. 2013), and from cluster X-ray mass measurements (Lin & Mohr
2004; Hansen et al. 2009; Kravtsov et al. 2018). Grey-shaded regions correspond to the 161" —84™ percentile range in Behroozi et al. (2010). The 161—84t"
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Figure 35. Median stellar mass—halo mass relations for our best-fitting model compared to previous resultsat z 1 and z 3. Results compared include
those from our previous works (Behroozi et al. 2010, 2013e), from empirical modeling (EM; Moster et al. 2013, 2018; Lu et al. 2015b; Rodriguez-Puebla
et al. 2017), from abundance matching (AM; Moster et al. 2010), from Halo Occupation Distribution modeling (H; Wake et al. 2011; Leauthaud et al. 2012;
Coupon et al. 2015; McCracken et al. 2015; Ishikawa et al. 2017; Cowley et al. 2018), and Conditional Stellar Mass Function modeling (CSMF; Yang et al.
2012; Wang et al. 2013). Yang et al. (2012) report best fits for two separate stellar mass functions; we show results from SMF2 at z = 3.0. Grey-shaded regions
correspond to the 16" —84™ percentile range in Behroozi et al. (2010).

and fitting of massive galaxies in the SDSS, as well as deeper
imaging of z = 0-1 massive galaxies in ULTRAVISTA. Using the

2018). The remaining difference between our results and Kravtsov
et al. (2018) is due to the latter counting all intracluster light as part

revised stellar mass functions resolves past discrepancies between
cluster-based SMHM relations and those derived from empirical
models (Lin & Mohr 2004; Hansen et al. 2009; Kravtsov et al.
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of the galaxy.
For low-mass haloes (M, < 10" M ), the best-fitting model has
a weaker upturn in the SMHM ratio than found by Behroozi et al.
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Figure 37. Change in median stellar mass—halo mass relation between
WMAP and Planck cosmologies for the SMHM relation in Behroozi et al.
(2013e).

(2013e); this is because Behroozi et al. (2013e) assumed a strong
surface-brightness incompleteness correction for faint galaxies that
is no longer observationally supported (Williams et al. 2016). This
will make it easier to reconcile observed galaxy counts with the
H 1 mass function and observed H 1 gas fractions in faint galaxies
(Popping et al. 2015).

The SMHM relation for star-forming versus quiescent galaxies
depends on the correlation between galaxy and halo assembly
(Section 4.2) and the evolution of the SMHM relation (see also
Moster et al. 2018). As shown in Fig. 38, there remain significant
differences across studies (see also Wechsler & Tinker 2018). Our
model is flexible in terms of both the SMHM relation evolution
and the galaxy—halo assembly correlation, and suggests that the
stellar mass—halo mass relation at fixed halo mass is similar for star-
forming and quiescent central galaxies, matching the conclusion in
Zu & Mandelbaum (2016). The results of Moster et al. (2018) and
Rodriguez-Puebla et al. (2015) give opposite conclusions of higher
and lower (respectively) median stellar masses for quiescent com-
pared to star-forming galaxies, despite using the same underlying
data (correlation functions in the SDSS) to constrain their models. In
part, these divergent conclusions arise because correlation functions
and weak lensing measurements are both very sensitive to satellite
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Figure 38. Ratio of median stellar mass—halo mass relations for quenched
and star-forming central galaxies for our best-fitting model compared to
previous results at z = 0.1. Results compared include those from Conditional
Stellar Mass Function modeling (CSMF; Rodriguez-Puebla et al. 2015),
from lensing (WL; Zu & Mandelbaum 2016), and from empirical modeling
(EM; Moster et al. 2018). The grey-shaded region shows the 161—g4t"
percentile range for statistical errors plus an additional 0.1 dex of systematic
error in the recovery of stellar mass for star-forming versus quiescent
galaxies (Appendix C2).

clustering; hence, small changes to the satellite halo occupation can
lead to large changes in the inferred occupation for central galaxies.
Applying a cut to first remove satellites before measuring clustering,
environment, or lensing (as in both this study and Zu & Mandelbaum
2016) is hence necessary to robustly determine SMHM differences
for star-forming and quiescent central galaxies. As noted in Zu &
Mandelbaum (2016) and Moster et al. (2018), having an equivalent
median stellar mass at fixed halo mass does not imply that the
median halo mass at fixed stellar mass will be equal for star-
forming and quiescent galaxies. Because the ratio of star-forming
to quiescent galaxies drops rapidly with increasing halo mass, it
is much more likely in this case that a given massive star-forming
galaxy will be hosted by a lower-mass halo than a massive quiescent

galaxy.
We show direct comparisons with lensing () measurements
from Watson et al. (2015) in Fig. 39. While the trends are similar,
is overestimated by 10-30 per cent for both quenched and
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Figure 39. Top and bottom-left panels: Weak lensing excess surface densities (
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etal. 2015) for three M threshold samples. All distances and areas are in comoving units. Bottom-right panel: Comparison of the mean halo mass as a function
of stellar mass for star-forming and quenched central galaxies to the results in Mandelbaum et al. (2016). Notes: Consistent with the findings in Leauthaud
et al. (2017) that lensing and correlation function measurements are difficult to reconcile, our predicted excess surface densities are 10-30 per cent higher than

the observations.

star-forming galaxies in the best-fitting model. Leauthaud et al.
(2017) also find that matching galaxy autocorrelation functions
results in mock catalogues that overpredict measurements by
20-40 per cent. We refer readers to Leauthaud et al. (2017) for
further discussion of this tension, while noting that correlation
functions and weak lensing measurements are affected differently
by the satellite occupation distribution adopted. Fig. 39 also shows
a comparison with mean halo mass as a function of stellar mass
for central galaxies. Mandelbaum et al. (2016) use stellar masses
from the NYU-VAGC (Blanton et al. 2005); we have corrected
these to better correspond to the Brinchmann et al. (2004) stellar
masses underlying our correlation function measurements using
the median offsets between star-forming and quenched galaxies
(Fig. C2). We do not attempt to correct the Mandelbaum et al. (2016)
results for photometry offsets (Bernardi et al. 2013) as this is less
straightforward. The qualitative effects would be both to increase
galaxy masses (for M > 10 M ) and to increase inferred host
halo masses (via decreasing the scatter in halo mass at fixed galaxy
mass; Kravtsov et al. 2018).

In parallel with empirical models, hydrodynamical simulations
and semi-analytic models have shown increased success in matching
multiple observations (e.g. Henriques et al. 2015; Schaye et al. 2015;
Somerville & Davé 2015; Croton et al. 2016; Dolag, Komatsu &
Sunyaev 2016; Dubois et al. 2016; Springel et al. 2018). A proper
comparison with these results is beyond the scope of this paper; it
is hence deferred to future work.
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Additional comparisons between figures in this paper and in
Behroozi et al. (2013e) are available online.

5.10 Evolution in the stellar mass — halo mass relation at z>4

There have been contradictory claims regarding the z > 4 evolution
of the stellar mass—halo mass relation. Many recent studies, includ-
ing this one, find either significant evolution (Behroozi et al. 2013g;
Behroozi & Silk 2015; Finkelstein et al. 2015b; Harikane et al.
2016, 2018; Sun & Furlanetto 2016) or modest evolution (Moster
et al. 2018). Stefanon et al. (2017) claim to find no evolution,
but as is evident from Fig. 36, their findings in fact suggest even
stronger evolution than our current results due to the slope of the
SMHM relation. In contrast, Rodriguez-Puebla et al. (2017) find
very little evolution at z > 4. This may be in part due to the fact that
their assumed scatter in observed versus true stellar mass grows as
0.1 + 0.05z with no upper bound, so that scatter is 0.5 dex atz =8
and 0.6 dex at z = 10, well beyond the 0.3 dex limit assumed here.
In addition, it may be due to the use of UV-SM relations at high
redshifts that could underestimate true stellar masses (Appendix D).
Despite this, the relative uncertainty in stellar mass estimates at z >
4 remains large, as shown in fig. 6 of Moster et al. (2018). Adding
to the uncertainty, a non-evolving star formation efficiency (defined
as SFR/M,) can plausibly fit UV luminosity functions from z =
10 to z = 0 (Mason, Trenti & Treu 2015; Harikane et al. 2018;
Tacchella et al. 2018). As discussed in Behroozi et al. (2013c), this
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is equivalent to a non-evolving SMHM ratio, and so the Harikane
et al. (2018) star formation efficiency model is in tension with
the evolving SMHM ratio found in the same paper via clustering
analyses. While the match to UV luminosity functions is degenerate
with the assumed dust evolution, it is clear that a consistent picture
of stellar masses, star formation rates, and dust has yet to emerge at z
> 4. NIRCam and NIRSpec on the James Webb Space Telescope will
hence be instrumental in settling this debate (see Kalirai 2018, for
areview).

5.11 Addressing assumptions and uncertainties with
additional data and modeling

The empirical model herein has broad classes of assumptions
relating to the average connection between galaxy SFR and halo
mass, the correlation between individual halo and galaxy growth,
and the relevance of dark matter simulations for modeling observed
galaxies. We address each of these in turn.

External validation of predictions including the stellar mass —halo
mass relation (Section 5.9) suggests that the model framework is
flexible enough to capture how stellar mass and SFR depend on halo
mass and redshift. Additional observations will be helpful especially
for z > 4 galaxies (see Section 5.10 and Appendix D); the model
would also benefit by including more constraints on SFRs in massive
clustersatz  1-2 (see Fig. 14, left panel). Nonetheless, the primary
sources of uncertainty for most galaxies are systematic ones—e.g. the
conversion between luminosity and physical stellar masses and star
formation rates (see Section 4.10 and Appendices C, D, and G). Ad-
dressing these uncertainties with more observations may be difficult
due to their dependence on rare stellar populations (e.g. Conroy etal.
2009) and/or uncertain dust geometry distributions (e.g. Narayanan
et al. 2018). Forward modeling directly (and only) to luminosities
and colours may help, approaching the method in Taghizadeh-
Popp et al. (2015). For massive galaxies, there are additional
systematics with measuring luminosity profiles at different redshifts
(Appendix C2). These may be improved with surveys that are
both wide enough to find many massive galaxies and deep enough
to accurately measure their profiles, such as the Hyper Suprime-
Cam Subaru Strategic Program survey (HSC-SSP; Aihara et al.
2018).

Empirically connecting individual galaxy and halo growth is a
new field, so the observables that best constrain this connection
are not yet known. Appendix A discusses several observables that
rule out alternative models. Clustering gives powerful constraints
on satellite behaviour, so it will be important to continue extending
the redshift and mass range of clustering measurements. Despite
the observational difficulty, clustering for quiescent galaxies is
especially important, as the largest constraining power comes from
the contrast between quenched and star-forming galaxy clustering.
For isolated central galaxies (i.e. those that have never crossed the
virial radius of a larger halo), the importance of the host halo’s
assembly history remains debated (Tinker et al. 2017). Connecting
observed splashback radii (e.g. as claimed in More et al. 2016) with
dark matter accretion rates is a promising path forward for such
galaxies, and is planned for future work.

With dark matter simulations, the most critical issues remain
subhalo finding (Onions et al. 2012; Behroozi et al. 2015b), satellite
disruption (see Section 5.8 and Appendix B) and the effects of
baryons (see e.g. Nadler et al. 2018; Chua et al. 2017, for recent
work). Central halo finding is a more minor issue, especially when
(as in this paper) vmax is used as the mass proxy (Knebe et al.
2011, 2013). Subhalo finding is more than a definitional issue,
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as different halo finders introduce different orbit dependencies
in recovered halo properties (Behroozi et al. 2015h); temporal
halo finders (including HBT/HBT +; Han et al. 2012, 2018) are
most immune to this effect. As noted in Section 5.8, observed
satellite properties in group catalogues at different redshifts may
represent a promising way to calibrate empirical orphan models;
this to some extent will include the effect of baryons. Remaining
effects of baryons on halo potential wells (e.g. making them less
triaxial; Abadi et al. 2010) are more difficult to observe, and
may require higher-order statistics such as three-point functions to
capture.

5.12 Future directions in empirical modeling

With empirical modeling, physical constraints from different ob-
servables can be combined even when the best underlying param-
eter space is not known. The same general framework may be
applied to many other problems, even outside of galaxy formation.
Whereas this paper constrained galaxy SFR as a function of relevant
parameters (halo vmax, accretion rate, and redshift), one may use
the same technique to constrain how any observable X depends
on arbitrary parameters Yy, ..., Yn. As of this writing, there are
ongoing empirical efforts to constrain how galaxy size, morphology,
metallicity, gas content, black hole mass, gamma-ray burst rate,
supernova rate, and dust relate to underlying properties of the host
dark matter halo, its assembly history, and the resulting galaxy’s
assembly history. These applications promise a wealth of new
physical insight about our Universe in the years to come (Behroozi
et al. 2019).

6 CONCLUSIONS

Our model (Section 3) flexibly parametrizes the correlation between
galaxy assembly and halo assembly, and is able to self-consistently
match a broad array of observational data (Sections 4, 4.5, and 5.9).
The following results are robust to the modeling uncertainties.

For the stellar mass—halo mass relation:

(i) Consistent with past results, haloes near 102 M  are most
efficient (2040 per cent) at turning gas into stars at all redshifts
(Section 4.2).

(if) While the stellar mass—halo mass relation does not evolve
significantly fromz =0toz 5, significant evolution does occur
at higher redshifts (Section 4.2) with present data (Section 5.10).

(iii) At z = 0, massive quiescent galaxies reside in higher-mass
haloes than massive star-forming galaxies (Section 5.9). Due to
scatter in the stellar mass—halo mass relationship, it is also true
that quiescent galaxies are more massive at fixed halo mass than
star-forming galaxies for M > 10 M at z = 0 (Section 4.2).

For quenching and galaxy—halo assembly correlations:

(i) Quenching is highly correlated with halo mass, where a
difference of 1.5 dex in host halo mass separates largely star-
forming populations from largely quenched ones (Section 4.3).

(if) At z < 1, satellite quenching becomes more important,
so quenching happens over a broader range of halo masses
(Section 4.3).

(iii) The correlation between galaxy and halo assembly is strong,
but not perfect (correlation coefficient  0.5-0.6; Section 4.6). High-
redshift observations of correlation functions and weak lensing will
test the galaxy—halo assembly correlation strength at z > 1; we also
make predictions for these measurements (Section 4.9).
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(iv) Average quenched fractions robustly decrease with increas-
ing redshift at fixed halo mass (Section 4.3), suggesting that cooling
times are not solely responsible for quenching (Section 5.2).

(v) Except for cluster cores, where satellites quench very quickly,
the fraction of quenched satellites minus the fraction of quenched
centrals never exceeds 35 per cent at fixed stellar mass (Section 4.7).

(vi) Satellites quench faster the more massive they are
(Section 4.7).

In addition:

(i) Most galaxy mass formed in situ for My, < 10> M haloes
(Section 4.8). Low-mass galaxies (M < 10° M ) are predicted to
have significant (1 dex) scatter in their IHL (Section 4.8).

(ii) Planck cosmologies have more low-mass haloes at high
redshifts, lowering the inferred stellar mass—halo mass relation by
up to 0.3 dex compared to WMAP cosmologies (Section 5.9).

The following results, while robust given the observational
constraints, depend on the modeling assumptions:

(i) Satellite galaxies have very broad (3-5 Gyr) quenching delay-
time distributions after infall (Section 4.7).

(i) If the correlation between galaxy and halo assembly history
is also strong for central galaxies that have not interacted with larger
haloes, then past rejuvenation (quenching followed by renewed
star formation) is common for M 10" M galaxies and My,

1025 M haloes at z = 0 (Section 4.6).

(iii) Quenched galaxies at z = 0 have significantly different
average SFHs than star-forming ones outto 3 Gyr, which can aid
in tracing average galaxy populations through cosmic time (Sec-
tion 4.5). However, individual galaxies have significant scatter in
SFHs, making the comparison across redshifts less well constrained
(Section 4.5).

All code, mock catalogues, and data products (Section 4.11) are
available online.
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APPENDIX A: ALTERNATE
PARAMETRIZATIONS OF HALO ASSEMBLY
HISTORY

The following alternate conditional abundance matching (CAM)
parameters were tried and rejected, as detailed below.

Al Classical age-matching (Zstarve)

CAM using the zgane parameter is known to reproduce galaxy
clustering, weak lensing, and radial quenching profiles around
groups and clusters (Hearin & Watson 2013; Hearin, Watson & van
den Bosch 2015; Watson et al. 2015). While zgne is a complicated
function, for most haloes it is equivalent to rank ordering on
Ca“ , Where ¢, and a,c are the concentration and scale factor
(respectlvely) at accretion (for satellites) or at the present day (for
centrals).

There are several minor issues with zg e that, while all fixable,
would have made the parameter even less transparently physical
than it already is. These include:

(i) Special treatment for satellites (in the form of C,cc and ascc)
leading to unphysical discontinuities for backsplash haloes (i.e.
haloes that enter and leave the virial radius of a larger halo).

(ii) No orbit-dependent SFRs for satellites.

(iii) Increased concentrations during the early stages of major
mergers would result in decreased SFRs, instead of the expected
boost prior to the merger. Afterwards, decreased concentrations
would result in increased SFRs, instead of the expected post-
starburst phase.

A2 Mass accretion history

This has been used by many other studies (Becker 2015; Rodriguez-
Puebla et al. 2016a; Cohn 2017; Moster et al. 2018). Satellites are
the clearest issue: while the fraction of satellite haloes increases
towards lower halo masses (Behroozi et al. 2013b; Rodriguez-
Puebla et al. 2016b), the fraction of quenched galaxies decreases
(Salim et al. 2007; Geha et al. 2012). Hence, many satellite galaxies
are still forming stars even though their host (sub)haloes are losing
mass. While it’s possible to rank-order satellites on their mass-
loss rate, measuring subhalo masses is notoriously difficult (Onions
et al. 2012), and is thus extremely sensitive to the halo finder.
Alternate solutions include measuring the time since Mpeax Was
reached (Moster et al. 2018), although this erases any differences
between different orbits after infall.

With mass accretion rates, an open question is which mass
definition best correlates with galaxy assembly (e.g. a specified
spherical overdensity, the mass within the splashback region, etc.).
A related issue is that pseudo-evolution (i.e. ‘mass accretion’ due
to a changing overdensity definition) dominates the mass accretion
rate at z = 0 (Diemer et al. 2013), so that for most central haloes, the
mass accretion rate is really measuring the halo concentration (i.e.
it becomes equivalent to using Zgtarve). As shown in Wetzel & Nagai
(2015), this may not be a problem after all, as this ‘mass accretion
rate’ is a reasonable estimate of the gas that actually makes it to
the halo center — also suggesting that zgne Works in part due to its
correlation with mass assembly.

A more serious issue is that current studies correlating halo
mass growth with galaxy SFRs do not distinguish between smooth
mass accretion and mergers. Behroozi et al. (2015a) showed that
field galaxies in haloes undergoing major mergers (observationally
identifiable as close galaxy pairs) have nearly identical quenched
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fractions as more typical field galaxies; mock observations applied
to mock catalogues with mass accretion — SFR correlations were
significantly discrepant from the real observations. This may be
fixable by correlating only smooth mass accretion rates with galaxy
SFRs (i.e. discounting the effects of major and minor mergers),
but doing so would require higher resolution simulations than are
currently practical to use.

A3 Tidal forces

Tidal forces are robustly calculable for satellites and would also
introduce clearly orbit-dependent effects in their SFHs. Yet, con-
necting high tidal forces with quenching would require that voids
(i.e. regions with low tidal forces) should primarily contain star-
forming galaxies, which has less observational support. We tested
this in the Sloan Digital Sky Survey (SDSS), selecting extremely
isolated L galaxies (i.e. a stellar mass-complete sample with 10°
<M /M < 10'5; no larger neighbour within 4 Mpc projected
or 2000 km/s redshift distance) and comparing them to ‘normal’
L field galaxies (i.e. same stellar mass cut; no larger neighbour
within 500 kpc projected or 1000 km/s redshift distance). Using
mock catalogues from Behroozi et al. (2015a), we verified that
the majority of extremely isolated galaxies had tidal forces in the
15Mpercentile or lower, and that 90 per cent had tidal forces in the
50" percentile or lower, as compared to the normal field galaxies.
However, in the SDSS, quenched fractions were indistinguishable
between the extremely isolated galaxies and the normal field
galaxies (see also Croton & Farrar 2008).

Separately, Lee et al. (2017) has examined central halo assem-
bly as a function of environment. While many halo properties
(concentration, spin, mass accretion history) are strongly affected
in dense environments with large tidal forces, halo properties in
extremely underdense environments (with very low tidal forces) are
almost indistinguishable from halo properties in median-density
environments. Hence, weak tidal forces do not appear to correlate
with internal halo (and presumably galaxy) properties to the same
extent as strong ones do.

A4 Simpler viax prescriptions

We considered many simpler vima prescriptions, including %ﬁm’

However, this prescription required continuing mass loss for
quenching. Hence, reinfalling satellites were not quenched at high
enough rates, regardless of the number of orbits they had made. This
resulted in not enough separation between correlation functions for

quenched and star-forming galaxies. We also considered Vma&i’;‘;“”)

(and its close relative %). This dramatically improved cluster-
ing, but then caused issues for central galaxies: most centrals have
Viax(Znow) = Vmpeak, as they are continuously growing in mass.
Similarly, W was strongly peaked — so that small errors in
recovering Vmax (€.g. from the halo finder) would result in huge
variations in halo rank order.

APPENDIX B: ORPHAN GALAXIES

B1 The need for orphans

‘Orphan’ galaxies (i.e. galaxies whose host subhaloes are no longer
detectable by a halo finder) have not been required by most
previous empirical models (Reddick et al. 2013) to match clustering
constraints. This is because satellite fractions can be boosted to the
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Figure B1. Conditional distribution of the ratio between the final detectable
Vmax and Vipeak for subhaloes that disappeared between z = 1 and z = 0
in the Bolshoi-Planck simulation. A quarter of massive subhaloes (Vmpeak
> 200 km s™1) had more than 70 per cent of their initial vinay at the time
they disappeared. The nominal completeness limit for Bolshoi—Planck is
Vmax =50 km s71,

required level either by increasing the stellar mass at fixed satellite
mass (Or Vmax) Or by increasing the number of satellites at a given
mass — i.e. by adding orphans. Hence, if orphans are not included,
one is forced to conclude that satellite haloes have larger stellar
masses than central haloes at fixed Myeac at z = 0 (Rodriguez-
Puebla, Drory & Avila-Reese 2012; Reddick et al. 2013; Watson &
Conroy 2013).

However, we contrast this conclusion with the known evolution
of satellite galaxies. Satellites are more quenched than field galaxies
(e.g. Wetzel et al. 2012), and hence formed their stars earlier (atz =
1-2) than central galaxies of the same Mpeac. At z = 1-2, the stellar
mass—halo mass ratio was likely lower (and certainly no higher)
than the ratio at z = 0 (Moster et al. 2013; Behroozi et al. 2013e).
Hence, satellites started out with lower stellar masses, could not
grow as efficiently (due to being more quenched), and lost more
stellar mass from passive stellar evolution (due to older average
stellar ages) compared to central galaxies of the same Mpeac. We
thus are forced to conclude that adding orphans is a more self-
consistent way to reproduce observed galaxy clustering constraints
(see also Campbell et al. 2018).

A separate reason to include orphans is shown in Fig. B1. The
extent to which satellites survive is dependent on the simulation
(Klypin et al. 1999), the halo finder (Onions et al. 2012), and the
baryonic physics included (Zolotov et al. 2012). The point at which
haloes disappear in our simulation (Bolshoi—Planck) may have
no relationship with when galaxies tidally disrupt. For example,
considering massive haloes only (Vypea > 200 km s™1), a quarter
of those that disappeared had Vinay > 0.7Vmpeak —i.€. > 16 per centof
their infall mass remaining (Jiang & van den Bosch 2016). While itis
plausible that a satellite galaxy could tidally disrupt with this much
stripping, it’s also plausible that satellite galaxies persist for much
longer. Hence, not including orphans imposes a strong, arbitrary
prior on satellite evolution, yielding artificially tight constraints on
quenching timescales and SFHs.

B2 Tracking method

When a satellite halo becomes undetectable, we identify the parent
halo (i.e. a larger halo containing the satellite within its virial
radius) to which it is most bound, and follow the satellite’s evolution
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according to a softened gravity law:

__ GM(<r) P B1)
(I’ + 0-:|-Rvir)2
where v is the satellite’s peculiar velocity, Ry is the parent’s virial
radius, and M(<r) is the mass of the parent halo enclosed within the
satellite—parent distance (r) —assumed to follow a Navarro, Frenk &
White (1997) profile:
r

r
M(<r) =4mperd In 1+ — — ) B2
(<) Pors . FT (B2)

The force law is softened as hard collisions are impossible with
spatially-extended satellites; as with past approaches, we use
leapfrog integration with 10 sub-timesteps per simulation timestep
(Behroozi, Loeb & Wechsler 2013a; Behroozi et al. 2013d). Each
sub-timestep is then on the order of 1 per cent of a dynamical time.

To track the satellite’s mass loss, we adopt the orbit-averaged
mass-loss prescription of Jiang & van den Bosch (2016), with
a small modification. Both synthetic (Knebe et al. 2011) and
cosmological (fig. 1 of Behroozi et al. 2014a) tests show that
subhaloes lose almost no mass on infall, but instead lose mass
(and vimax) steadily after passing pericenter. We hence take:

Minfalling = 0 (B3)

m m 0.07

1.18tdyn M , (B4)
where m is the satellite’s mass, M is the parent halo’s mass, pyir
is the virial overdensity from Bryan & Norman (1998), and we
have adjusted the leading constant for Mgugoeing from Jiang &
van den Bosch (2016) for scatter, our different definition of tgy,
((%nGpvi,)‘%), and our assumption that all the mass loss occurs
over half the orbit.

To determine vimax, We recast the fitting formula from Jiang &
van den Bosch (2016):

d 109 Vimax —03-04 m ’
dlogm m+ m;
where m; is the satellite’s mass at first infall.
As discussed in Section 3.3, satellites are no longer tracked
once the ratio v‘;ﬂm“ falls below Tmerge. We also remove a very
small fraction (< 1 per cent) of satellites that are highly unbound
(kinetic >2 x potential energy), as those would otherwise travel
unphysical distances and require much greater communications
overhead between processors.

r'houtgoing =

(BS)

APPENDIX C: OBSERVATIONAL DATA
COMPILATION, CALIBRATIONS,
EXCLUSIONS, AND UNCERTAINTIES

C1 Overview

Here, we discuss the stellar mass functions (SMFs), star forma-
tion rates (SFRs), quenched fractions(QFs), correlation functions
(CFs), and higher-order galaxy statistics used as model constraints.
Modeling assumptions are inherent to galaxy stellar masses and
SFRs (see Conroy 2013; Madau & Dickinson 2014; Mobasher et al.
2015 for reviews). In this paper, we standardize assumptions for
SMFs (Table C1) because discontinuities in modeling assumptions
manifest as unphysical discontinuities in galaxy evolution. Notably,
assumptions in Table C1 were the only ones for which data were
consistently available across the entire redshift range considered.
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