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ABSTRACT

We present a robust method to constrain average galaxy star formation rates, star formation histories, and
the intracluster light as a function of halo mass. Our results are consistent with observed galaxy stellar mass
functions, specific star formation rates, and cosmic star formation rateszfrobnto z= 8. We consider the
effects of a wide range of uncertainties on our results, including those affecting stellar masses, star formation
rates, and the halo mass function at the heart of our analysis. As they are relevant to our method, we also
present new calibrations of the dark matter halo mass function, halo mass accretion histories, and halo-subhalo
merger rates out ta= 8. We also provide new compilations of cosmic and specific star formation rates; more
recent measurements are now consistent with the buildup of the cosmic stellar mass density at all redshifts.
Implications of our work include: halos near®, are the most efficient at forming stars at all redshifts,
the baryon conversion efficiency of massive halos drops markedly aft€2.5 (consistent with theories of
cold-mode accretion), the ICL for massive galaxies is expected to be significant out to atlehstl.5, and
dwarf galaxies at low redshifts have higher stellar mass to halo mass ratios than previous expectations and form
later than in most theoretical models. Finally, we provide new fitting formulae for star formation histories that
are more accurate than the standard declining tau model. Our approach places a wide variety of observations
relating to the star formation history of galaxies into a self-consistent framework based on the modern under-
standing of structure formation IRnCDM. Constraints on the stellar mass—halo mass relationship and star
formation rates are available for download online.

Subject headingslark matter — galaxies: abundances — galaxies: evolution — methods: N-body simulations

1. INTRODUCTION equal simulation volume. With only slight modifications (e.qg.,

Constraining the buildup of stellar mass in galaxies pro- using the peak mass for satellite halos), this technique accu-

vides fundamental constraints on galaxy formation models. "ately reproduces the redshift— and scale—dependent cluster

An ever growing number of galaxy observations have been!nd Of galaxies (e.g., Conroy et al. 2006; Reddick et al. 2012).
made, covering a time period from 500 Myr after the Big Because the cosmological model provides a prediction for
Bang (e.g. Zheng et al. 2012) to the present day. A modelthe buildup of dark matter halos, one can combine knowledge
of galaxy formation that can match observations over this en-ogthe gfalﬁxy—halo connection at ddlfferent iPOCh.S W't? En?wl-
tire stretch of time would represent a significant aid to our €99€ Of the mass accretion and merger histories of halos to
understanding. So far, matching the evolution of the stellar €Onstrain the buildup of stellar mass in galaxies over cosmic
masses and star formation rates of galaxies over this entird/Me: This was first done in a comprehensive way by Conroy
epoch with has proved difficult (see, e.g., Lu et al. 2012; Bor- & Wechsler (2009), who provided an empirical constraint on
gani & Kravtsov 2011: Weinmann et al. 2012). Despite chal- the star formation histories and stellar mass growth in galaxies

lenges of reproducing these observations with detailed mpdelgsrg\sg rZaT sztlg?j ig]se Lf)sriensge\r/];ri-l';l kr]:tss ?)F;%%atcer::mﬁq ng?zea(grlgi? gll
of galaxy formation, significant progress has been made in re—2007b; White et al. 2007: Firmani & Avila-Reese 2010 Leit-

cent years with empirical models that connect the evolution ner 2012: Béthermin et al. 2012: Wang et al. 2013; Moster

f galaxy properti he evolution of dark matter halos. ; A .
of galaxy properties to the evolution of da atter halos al. 2013), which together provide important constraints on

Over the past decade, a range of studies have associateﬁ;‘ =) . - . .
galaxies with dark matter halos at a given epoch, using athe basic picture for the buildup of stars in galaxies and their

variety of techniques, including Halo Occupation Distribu- connection to dark matter halos. L
tion modeling (e.g., Berlind & Weinberg 2002: Bullock et al. 1 nese studies represented important advances, albeit with
2002) the Conditional Luminosity Function modeling (e.g., shortcomings. For example, most of these studies only mod-
Yang et al. 2003), and variants of the abundance match-€/€d galaxy evolution fronz ~ 2 to the present due to per-
ing technique (e.g., Colin et al. 1999; Kravtsov & Klypin ceived conflicts between the integrated cosmic star formation

1999; Neyrinck et al. 2004; Kravtsov et al. 2004; Vale & Os- and the cosmic stellar mass densityzat 1 (Wilkins et al.
triker 2004, 2006; Tasitsiomi et al. 2004; Conroy et al. 2006; 2008; Hopkins & Beacom 2006). In addition, because pas-

Shankar et al. 2006; Berrier et al. 2006; Marin et al. 2008; Guo SIVe Stellar mass loss (e.g., supernovae of massive stars) de-
et al. 2010; Moster et al. 2010; Behroozi et al. 2010). The pends on galaxies’ star formation histories, these studies had

simplest abundance matching models assign the most mad© Mmake assumptions about the ages of stars already formed
sive observed galaxies in rank order to the largest halos in arft Z > 2- Finally, these studies paid limited attention to the
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vast array of observational uncertainties as well as modeli pendix I). We present our main results in 85, with discussion

uncertainties affecting their derived constraints; irtjesany in 86 and a summary of our conclusions in 87.

results are presented without error bars (Conroy & Wechsler Throughout this work, we assume a Chabrier (2003) ini-

2009; Firmani & Avila-Reese 2010; Béthermin et al. 2012; tial mass function, the stellar population synthesis madel

Wang et al. 2013). Bruzual & Charlot (2003), and the dust model employed in
Here we present a new technique and a new compilationBlanton & Roweis (2007). We convert data sets from other

of observations, aimed squarely at resolving these issDes. papers to these models as necessary. We additionally as-

the observational side, new observations of galaxies at ver sume a flatACDM cosmology with parametef3y = 0.27,

high redshifts (e.g. Bouwens et al. 2011; Bradley et al. 2012 Q4 =0.73,h=0.7,ns= 0.95, andog = 0.82.

Bouwens et al. 2012; McLure et al. 2011) have made it pos- 2 METHODOLOGY
sible to place constraints on galaxy formation all the way to .
z~ 8. At lower redshifts, we present the first constraints from 2.1. Overview

stellar mass functions based on the PRIMUS survey, as wellas Much previous work has gone into determining the relation
from a new analysis a= 0 based on SDSS and GALEX data between halo mass and stellar mass as a function of redshift
(Moustakas et al. 2013). These are obtained from a consis{e.g., Moster et al. 2013; Yang et al. 2012; Leauthaud et al.
tent methodology froz =0 toz= 1, and thus alleviate many  2012; Behroozi et al. 2010; Moster et al. 2010; Guo et al.
concerns about matching inconsistently-identified gaisuit 2010; Conroy & Wechsler 2009; Wang & Jing 2010; Zheng
different epochs. Using these combined data sets, we find thaet al. 2007b; Mandelbaum et al. 2006; Gavazzi et al. 2007;
observations of the evolution of galaxy star formation sate Yang et al. 2009a; Hansen et al. 2009; Lin & Mohr 2004).
and stellar masses can now be reconciled (see also Bernardihe redshift evolution of this relation is due to three cifmti-
etal. 2010 and Moster et al. 2013). ing physical effects for stars in galaxies (new star foromati

Our new method constrains the galaxy—halo relation usingmerging satellite galaxies, and stellar mass loss) and bne e
observed galaxy stellar mass functi@sswell asspecific star  fect for halos (continuing mass accretion). Merging galax-
formation rates and cosmic star formation rates. As with pre ies and mass accretion are well-constrained by dark matter
vious studies, we match observed galaxies to halos, but theimulations, and stellar mass loss is well-constrainel thie
additional information on star formation rates allows us to assumption of an initial mass function (IMF) for stars. The
break degeneracies and directly constrain the buildupef th most uncertain of these effects, in relation to dark mater h
intracluster light, as well as the amount of stars that camstr los, are new star formation and stars ejected during galaxy
fer from satellites to the central galaxy during mergers. We mergers. With observational constraints on the redshdt ev
account for a number of statistical and systematic efféets, |ution of the stellar mass and the star formation rate as well
cluding uncertainties from stellar population synthessdm  as computed constraints on satellite mass loss, we may effec
els, dust models, star formation history models, the faimd-  tively constrain both of these factors.
slope of the stellar mass function, observational complete  Schematically, the star formation rate for a given galaxy
ness, scatter between stellar mass and halo mass. over a given timestep is constrained by:

Given a parametrization for the intrinsic stellar mass-ehal _
mass relationship as well as for these observational sffect SFR At=Expected Stellar Mass Now
we use a Markov Chain Monte Carlo (MCMC) method to —Remaining Stellar Mass from Previous Timestep
find the allowed posterior distribution. This is importamtn — (Stellar Mass from Mergers)
only for addressing concerns that our results may be biased b ; -
Iimi)t/ed observatiogrllal constraints at high redshif%/s, blaﬂ?g x(1~Fraction Ejected) (1)
gives us the power to determine which observations would In this way, we can combine a specific assignment of stel-
best improve the resulting constraints on the relationbkip  lar mass to halos with the evolution of the halo mass function
tween stellar mass, star formation, and halo mass. Thetdirecover time, to derive star formation rates for halo trajeietr
results of this analysis are constraints on the distriloutid Our approach is to flexibly parametrize the possibilitiesiie
galaxy stellar masses as a function of halo mass and redshiftstellar mass — halo mass relatidvi,.(My,, 2), as well as the
From these, many other constraints relevant to galaxy forma uncertainties affecting the remaining terms in Eq. 1. Then,
tion are derived, including the average star formationaate using a Markov Chain Monte Carlo method, we can deter-
function of halo mass and redshift, the average star foonati mine the allowed parameter spacelfbr(My, Z) by comparing
history in galaxies at a given epoch as a function of galaxy the implied SFRs and stellar mass abundances to obsersation
stellar mass or host halo mass, the instantaneous baryen coracross a wide range of redshifts.
version efficiency of galaxies as a function of mass and red- ParametrizingV.(My,2) separately for individual halos is
shift, the buildup of the intracluster light, and the evalat beyond the scope of this work (although it will be explored
of the stellar mass to halo mass ratio for progenitors of to- in future papers). Here, we parametrize the median value of
day’s galaxies, all including full uncertainties and camgra M., for halos at a given mass and redshift (i.,eMaMp, 2))
redshift range fronz=0toz=8. as well as the scatter in stellar mass at fixed halo mass as a

We provide a broad overview of our methodology in 82, in- function of redshift. By taking a summation of Eq. 1 over
cluding our parametrization of the stellar mass — halo masshalos in a specific mass and redshift bin, we can derive the
relation and the relevant uncertainties, with additiorethds total amount of stars formed in that bin. Thus, dividing by th
in Appendices A-B. We discuss the observational data setsnumber of halos in that bin gives tlaeragestar formation
relevant to our method in 83, with special attention to new rate, which is similar to approaches taken in previous works
measurements of cosmic star formation rates. We discusgConroy & Wechsler 2009; Leitner 2012; Wang et al. 2013;
the simulations that we use in 84, along with recalibrations Moster et al. 2013). This approach is accurate except ingerm
of the halo mass function (Appendix G), halo mass accretionof small second-order effects that come from different-stel
rates (Appendix H), and subhalo merger/disruption ratgs (A lar mass histories having a range of stellar mass loss rates.



Average Star Formation Histories Frata0-8

This aspect is discussed in detail in Appendix A. Further dis
cussion of how individual galaxy star formation historiesic
differ from the average is presented in §5.8.

3

We use the virial mass (as defined in Bryan & Norman
1998) to define the halo mass of central galaxies, and for sate
lites, we use the peak progenitor virial mabéay). As this

In this section, we present our method for parametrizing the paper was being prepared, Reddick et al. (2012) found tkat th

stellar mass — halo mass relation (§2.2.1), our paramétiza

of the uncertainties affecting observational data (§82,2ar
model for stellar mass loss (82.3), and our model for ejec-
tion of stars into the ICL (82.4). To streamline the presenta
tion of this section, we present the methodology for incerpo
rating the effects of stellar mass accreted in mergers whic
involves calibrating merger rates from simulationszte 8)

and for calculating observables (such as the stellar mass fu

tion and specific star formation rates) to Appendices B and C.

peakvnax for halos is an even better proxy for stellar mass,
at least az = 0.05, in agreement with physical expectations
that the depth of the halo potential well before it is impdcte

by stripping should be most correlated with the galaxy mass.
The use ofMyeak is at present easier both conceptually (to
consider mass ratios between galaxies and halos) and opera-
tionally (because it allows the use of several previously ca
ibrated relationships in the literature), so we stick witist
choice in the present work for simplicity. The useMfeax

We present a summary of the methodology and details of themay result in slight underestimates of the clustering ard th

Markov Chain Monte Carlo method in §2.5.
2.2. Determining the Stellar Mass — Halo Mass Relation to
z=8
2.2.1. Intrinsic Relation
As in Behroozi et al. (2010), we parametrize the stellar

satellite fraction (see discussion in Reddick et al. 20%2afo
comparison of these quantities in the local universe). How-
ever, 85.6 demonstrates that the differences between eur re
sults and the best-fitting stellar mass—halo mass relation o
Reddick et al. (2012) are small, and we expect that they are
within the current systematic errors.

The redshift scaling of the relation poses a unique chal-

mass — halo mass (SMHM) relation at a given epoch. Thejenge. Atz=0, the parameter fits must be flexible enough

most commonly-used function is a double power law (Yang
etal. 2012; Moster et al. 2013), which has a characterisi@ h
mass 1) and stellar masa\. o), a low-mass slopex), and

a high-mass slope3j. Because we include data down to low
stellar masses\,. ~ 10"?°M,) and have tight observational

to match the tight constraints from SDSS observations. At
higher redshifts, the fit must be flexible enough to allow
exploration of possible star formation histories allowed b
higher uncertainties, but not so flexible that it allows gign
icant over-fitting of the systematic and statistical eriarthe

constraints from the SDSS, we find that a double power-law data. Moreover, the scaling must be physical: obviously; ne

cannot accurately fit the unique shape of the stellar mags fun
tion (SMF). As shown in Appendix D, a double power-law

ative star formation rates cannot be allowed, nor can stella
mass to halo mass ratios that exceed the halo’s baryon frac-

results in a stellar mass function off by as much as 0.1 dex attjon. These physical constraints help ensure basic saiity f
z=0. For this reason, we choose a different, five-parameterthe functional form where no observational data exists (for

form as the fitting function for the SMHM relation. The cho-
sen form retains the low-mass power-law slopgds well as

a characteristic stellaiM, o) and halo masd\;). The high-
mass behavior is trickier to fit. We find the best match with a
subpower (superlogarithm) function with index

h

W)

o @

If ~is 1, this equation becomes an ordinary power law. As

109;o(M«(Mp — 0)) (Ioglo <

~ approaches 0, this equation approaches a logarithm. In be

tween, this equation grows more slowly than any power law,
but faster than any logarithm. While this equation can be-
come multiply-valued foMy, < My, it is straightforward to
mitigate this behavior as well as allowing a smooth connec-
tion to a power-law foMy < M;. The specific parametrization
we adopt ist

10016(M. (V1)) = logsoeMy) + 1 <Iogl0 <m—:)> 1)

(log;o(1+exp()))” 3)
1+exp(10%)

This is a power law with slope« for My, < Mz and a sub-
power law with indexy for My, > M;. The characteristic stel-
lar mass to halo mass ratiodsat the characteristic halo mass
M;. The maximum errors of this fit to the SMHM relation are

£(X) =100, o(10°*+ 1) +6

about 0.025 dex, or roughly four times better than a double

power-law fit, as discussed in Appendix D.

1 This relation gives the median stellar mads for halos of massvi,.
Because of scatter in the SMHM relation, the inverse of thigcfion does
not give the average halo mass for a given stellar mass.

redshiftsz > 8, as well as for faint galaxies).

By necessity, the error bars we obtain will be sensitive to
the choice of the redshift fit. This is not only so for the varia
tion allowed in the stellar mass histories, but it is alse tior
the variation allowed in the nuisance parameters for system
atic errors. Because the latter are often poorly constddiye
available data, the flexibility of the redshift fit also infhees
how much of the available nuisance parameter space can be
explored. For this reason, we have tried a large number of
different redshift scalings, including cubic spline ingela-
tion with many control points (which results in over-fitting
and many different choices of scaling parameters \&itbr
z—many of which have unphysical behavior at very high red-
shifts. We have also tried fitting directly to abundance rinatc
ing results (Appendix E), but no robust trends with redshift
emerged.

The choice that we settled on has several conventions. For
many variables in Eq. 3, we have three parameters: one each
for the low-redshift value, one for the scaling at intermedi
ate redshifts (& < z < 2), and one for scaling at high red-
shifts = 2). We also apply an exponential shutoff to the red-
shift scaling towards lower redshift to isolate the highbne
strained low-redshift parameters from higher-redshifeson
Our final parametrization is the following:

v(a) = exp(4a’)
l0g;0(M1) =M1+ (M1 a(a—1)+My 2)v
log,o(€) =€o+(ca(@—1)+e2)v +eax(a~-1)
a=ag+(aa(a-1))
5= 00+ (da(a=1)+6,2)v



Y=+ (va(@-1)+12v. (4)

Additionally, there will be scatter in stellar mass at fixed
halo massg). While current studies have indicated that this
is approximately 0.16—0.2 dexat 0 (More et al. 2009; Yang

et al. 2009b; Reddick et al. 2012) with no evidence for a mass

trend at least down to &M, in halo mass (Reddick et al.
2012), little is known about the redshift evolution of thisis

ter. For this work, we parametrize the possible evolution of
scatter with redshift via a two-parameter scaling:

§=t+&a(a-1), ()

and we take the prior ofp to be 020 dex+0.03 dex, as deter-
mined by Reddick et al. (2012) using a combination of con-
straints from the correlation function and conditionallate
mass function.

2.2.2. Observational Systematics

A full discussion of the systematic uncertainties affegtin
stellar mass functions may be found in Behroozi et al. (2010)
These include uncertainties from the Initial Mass Function
the stellar population synthesis model, the dust modekttire
formation history model, sample variance, Eddington bias,
redshift errors, and magnification bias. Most of these &dfec
result in a constant systematic offsg) (n stellar masses:

M.
090 152 -

(6)
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At higher redshifts ~ 2.3), Muzzin et al. (2009) suggest that
uncertainties from SPS modeling become more important, on
the order of 0.2 dex instead of 0.1 dex. We thus set the widths
of the priors onu, andk, to be 0.22 dex and 0.30 dex, respec-
tively, which take these increased uncertainties into acto
Because stellar populations cannot be fully constrained
with limited photometric information, stellar mass esttem
for individual galaxies have intrinsic scatter relativefie true
galaxy stellar mass. This causes an Eddington bias (Edding-
ton 1913, 1940) in the stellar mass function: on the highamas
end of the SMF, many low-mass galaxies are upscattered, but
there are a limited number of higher-mass galaxies thatean b
downscattered. This results in a net increase in the obderve
numbers of high stellar-mass galaxies. This effect is best e
timated for each redshift range and modeling technique indi
vidually; while few authors have corrected for this errogny
at least provide an estimate of its effect. As in Behroozlet a
(2010), we find that these estimates depend most significant!
on the redshift. We thus model the distribution in the obsdrv
stellar mass estimates (compared to the true stellar masses
a log-normal Gaussian with mean 0 and a redshift-dependent
standard deviation given by:

0(2) =op+oz (12)

Following Conroy et al. (2009); Behroozi et al. (2010), we
takeoo = 0.07 and we take the prior am, to beos, = 0.04+
0.015, consistent with estimates from the literature (Conroy
et al. 2009; Kajisawa et al. 2009; Pérez-Gonzalez et al. 2008
Marchesini et al. 2009; Stark et al. 2009; Caputi et al. 2011;

However, some effects can have different behavior as a func-_ee et al. 2011; Marchesini et al. 2010).

tion of stellar mass, largely on account of assumptions for

passive galaxies (e.g., declining star formation ratesland
dust fractions) not being true for active galaxies. We aotou
for these effects by introducing an additional parametetq
capture offsets in the stellar masses of active galaxies:

log;o (

For the fraction of galaxies that are quiescent, we use aditti

M*,measactive> = th. @)

M * trugactive

formula for recent measurements from Brammer et al. (2011),

corrected to the stellar mass estimates we use in this paper:

)"

At low redshifts, most galaxies below ¥§M,, in stellar
mass are active; beyorzd= 3, nearly all galaxies are consid-
ered active.

As in Behroozi et al. (2010), we do not model uncertain-
ties in the IMF in this work. The most significant remaining
uncertainties come from the SPS model@.1dex), the dust
model ¢~ 0.1dex), and the star formation history Q.2dex).

-1
M*.meas

1010'2+0'52|\/|@ (8)

fpassivéM*,meas Z) =

Finally, there are some concerns that, due to the Lyman
break techniques used to detect high-redshift galaxies, no
all high-redshift galaxies may be detected. If galaxieschav
bursty star formation, or if some fraction of star forming
galaxies have extreme quantities of dust, then not all galax
ies will be detected in Lyman break surveys (see also Stark
et al. 2009; Lee et al. 2009). We parametrize the stellar mass
completeness of high-redshift surveys with a two-paramete
fit, governing the amplituded) and redshift onsetz) of in-
completeness:

A
expz.-2+1
Because there is little reason to believe that surveys ass-mi
ing a significant fraction of galaxies at< 1, we require

Z. > 0.8, and we set the completeness fraction to 1zfer1.
This amounts to adopting the following formula for the com-

pleteness:
c(2 = {

We parametrize the effect of this incompleteness on the ob-

G(9=1- (12)

1 ifz<1

G(2)+(1-c(1) if 2> 1 (13)

By definition, passive galaxies have had no recent star forma served SFRs by a single parametewhich sets the fraction

tion, so that the star formation history uncertainties aite- s
stantially smaller. For that reason, we take the priorg do
be a log-normal distribution centered at zero with width40.1

of “bursty” vs. “dusty” star formation. Fully bursty starrfo
mation = 1) would have no effect on the total observed cos-
mic SFR, but the observed SSFRs would be boosted by the

dex (combined SPS and dust model errors), but the priors orincompleteness factor compared to the SSFR averaged over

 to be of width 0.24 dex (all three sources combined). The
functional form of howu and « evolve with redshift is un-
known. We therefore adopt the following fiducial formulae:

(9)
(10)

p=pot(@=1)ua
k=ro+(@a—1)ka.

longer periods of time. Fully dusty star formation £ 0)
would lower the observed cosmic SFR by the same factor
as the cosmic SM density. Presumably, a moderate amount
of unobscured star formation would be enough to render a
high-redshift galaxy observable—hence, dustiness will im
pact galaxy completeness only if star formation is largddy o
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scured. Given that models for SFRs from observed galaxies This simple picture is made more complicated by inconsis-
already attempt to correct for dust obscuration, the md@cef  tencies in how galaxies and the ICL are separated. The total
of dustiness on SSFRs is that the SSFRs for very dusty galaxiuminosity recovered and the fraction of it attributed te th
ies will not be observed. Therefore, in our current model, we galaxy are both dependent on surface-brightness limits, sk

assume that this has no effect on the average SSFR. subtraction methods, and galaxy fitting methods, which are
different for the different data sets we use and for différen
2.3. Star Formation Histories redshift ranges in the data sets themselves. Over most mass

Under our assumption of a Chabrier (2003) IMF and 'anges and redshifts, this is not a problem: the rate of star

Bruzual & Charlot (2003) stellar evolution tracks, we use th formation in many galaxies results in an overall change in
FSPS package (Conroy et al. 2010; Conroy & Gunn 2010) toStellar mass between redshifts that is much larger than that
calculate the rate of stellar mass loss. We find the fractfon o attributable to a change in the |Um'n03'}y modeling method.
mass lost from a single stellar population as a function ef th However, for massive galaxiet!( > 10"'Mg) at low red-
time since its formation to be well-fit by the following for-  Shifts €< 1), thisis a more significantissue. For example, in-

mula2 cluding 5% more light betweerr 0.3 andz=0.1 in a massive
t galaxy (0.05 magnitudes) would result in an equal buildup in
fios(t) = 0.05In (1+ 12 Myr) (14) stellar mass as would a specific star formation rate of about

2.5x10 1 yr1 (the expected SSFR for such galaxies; Salim

2.4. Extragalactic Light and Merging Galaxies etal. 2007). As the true SSFR drops to#£yr*, the galaxy
F Eq. 1. alaxi build ¢ ither th h models must be self-consistent to about 0.2% (0.002 magni-
rom £q. 1, galaxies can bulld up stars either tnfough merg-y,qes) to avoid introducing a comparable error, which id wel
ers or internal star formation. Schematically, this implieat

th K t of stars d ited | be d beyond current calibration methods (Bernardi et al. 2010).
N€ unxnown amount ot stars deposited in Mergers can bé dé- 1g said, changes in the mass of the galaxy because of defi-
rived given separate constraints on the stellar mass grofvth

Jv= . X nitional issues are completely degenerate with incomingsma
?nﬂgélr(le?a('tléi"' from stellar mass functions) and their &iar from mergers in Egs. 15 and 1&SMieposiedis replaced by

the sum of the definitional and deposited stellar mass cfsange
ASIVheposited: ASMeentra— SFRentralAt, (15) (ASNHefin!tiona_l"'ASNhepositea everywhere it appears. NOtany'
) _ Eq. 16 still gives us a way to robustly determine the buildup
where ASMyepositeaiS the amount of stellar mass deposited of stars in the ICL.
from merging satelliteSASMentra iS the stellar mass growth If we used Egs. 16 and 15 directly, the star formation rate
of the central galaxy, an8F Renrralis the star formation rate  would have to be parametrized separately from the stellar
of the central galaxy over the chosen peridd (Note thatthe  mass growth. Instead, we rewrite Eq. 15 in terms of the frac-

real equation is slightly more complicated due to stellassna tion of stellar mass growth that comes from the star fornmatio
loss from passive evolution; see Appendix B). rate

When a galaxy merger occurs, the stars associated with
the satellite galaxy may either be deposited onto the dentra ASMiepositedt ASMiefinitional= (1 = fsrR)ASMentral (17)
galaxy or be ejected into the intrahalo light (IHL), alsoledl SFRenraAt
the intracluster light (ICL) for galaxy clusters. Some cire fsrr= ASVeorra (18)
necessary when using these terms, because there exist two entral
separate definitions of the ICL/IHL from simulations (i.e., Thisis useful because there are strong physical priors @t wh
stars not bound to the main galaxy) and from observations fsrr can be. Low-mass galaxies do not have enough incom-
(stars not counted in the light profile of the main galaxy). In ing stellar mass in satellites to account for a significant pa
this work, we use “intracluster light” (and “ICL") to meanyn their stellar mass growth, Serrasymptotes to 100% for such
remnant stars from past galaxy mergers which are not countegyalaxies. On the other hand, the highest-mass galaxies expe
as part of the light profile from the main galaxy, regardlgfss o rience almost no internal star formation (Salim et al. 2007)
their boundedness. We do not make a distinction betweenmeaning thatfsgr must approach 0 for such galaxies. So, we
IHL and ICL; we use one term (“ICL") regardless of the size can approximate the halo mass dependencigf using a
of the host halo, as this usage is by far more common in thedouble power law as
literature.

-1
Because we can constrain the total amount of stars in merg- _ Mn \”
ing satellites through the halo merger rate (Appendix I) and fseR(Mn) = ML +1| . (19)
the stellar mass — halo mass relation, we can also derive the ’
amount of stellar mass deposited into the IGQUCL): We allow MpjcL to be redshift-dependent using a two-
AICL = ASMncoming_ ASNHeposited (16) parameter fit:
whereASMncomingis the total amount of stars in satellites that MhicL = MnicLo+(@-1MnicLa (20)

merge withinAt. Note that this quantity includes all stars Rather than add extra parametersfowe make the assump-
ever ejected from merging galaxies. Some fraction of thesey;q that fser(1018My,) is 1%. This is equivalent to the con-

ejected stars may have speeds higher than the escapeyelocit;,4int

of the surrounding dark matter halo and will be scattered to log,0(99)

very large distances; however, this fraction is expectduokto p= W(M)' (21)
on the order of a few percent or less (Behroozi et al. 2012). GrolVncL

2 This represents a corrected calibration from the fit in CodraVechsler 2.5. Methodology Summary
(2009).
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1. Choose a stellar mass - - LB
halo mass (SMHM) relation %| // Lz
from parameter space. v 2

2. Find galaxy growth histories
by applying the SMHM relation
to dark matter merger trees.

-5
3]
&
Q
‘g 3. Derive the inferred stellar » »
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chosen SMHM relation. S . S

FIG. 1.— Visual summary of the methodology used to constrairstbar mass — halo mass relation.

TABLE 1
TABLE OF PARAMETERS

Symbol Description Equation  Section
My Characteristic halo mass 3 221
Characteristic stellar mass to halo mass ratio 3 221
Faint-end slope of SMHM relation 3 221
Strength of subpower law at massive end of SMHM relation 3 122
Index of subpower law at massive end of SMHM relation 3 2.2
Exponential cutoff of evolution dfl..(My) with scale factor 4 221
Scatter in dex of true stellar mass at fixed halo mass 5 2
Characteristic halo mass at which half of stellar mass dresvilue to mergers 18 2.4
Systematic offset in stellar masses and SFRs 6 2
Systematic offset in stellar masses for active galaxies 7
Scatter in measured stellar mass at fixed true stellar mass 1
Galaxy detection completeness 13
Fraction of incompleteness due to burstiness (as opposiustmess) C15
Correlation of SFR to stellar mass at fixed halo mass C12

MR

<
=
o
-

R RS

Although the equations involved are somewhat compli- to the derived stellar mass function and star formation
cated, the logical steps involved in our method are stréoght rates.
ward and are shown visually in Fig. 1. These steps include: _ .
5. Compare with observational measures of the stellar

1. Choose parameters for the stellar mass — halo mass re- mass function and star formation rates (i.e., sgfher-
lation as well as observational and methodology uncer- rors for each data point) to calculate the likelihood that
tainties (see Table 1 for full list) using a Markov Chain the chosen stellar mass — halo mass relation matches
Monte Carlo method. observed results (i.e., exdl.5x?)).

2. Use the chosen stellar mass — halo mass relation to pop- 6. Return to step #1 until the MCMC algorithm has con-
ulate halos with galaxies, and use merger rates and mass verged.
?ccrettlo_n fhlstor;es calcul?gedtfrom dark matter simula- 4 gqre convergence on a space with such a large number
10ns 10 InTer gaiaxy growtn rates. of parameters, we use the Adaptive Metropolis exploration
3. From the previous step, calculate the average star for-method (Haario et al. 2001). Although the algorithm of Dunk-
mation rates as a function of halo mass and redshift, ley et al. (2005) indicates that we converge after only B
and use those to calculate the average specific star forpoints, we continue to run for»4 10° total points to minimize
mation rate and the cosmic star formation rate. In addi- the chance of unexplored regions and to ensure that the adap-
tion, using the abundances of halos, calculate the stellartive updates of the step covariance matrix converge and o no
mass function. bias our final results.

4. Apply corrections for observational errors and biases 3 OBSERVATIONAL CONSTRAINTS AND UNCERTAINTIES
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TABLE 2
TABLE OF PRIORS
Symbol Description Equation Prior
&o Value of ¢ atz=0, in dex 5 G(0.16,0.04)
&a Redshift scaling of, in dex 5 G(0,0.16)
o Value of x atz=0, in dex 6 G(0,0.14)
Ha Redshift scaling of:, in dex 9 G(0,0.22)
KQ Value ofx atz=0, in dex 7 G(0,0.24)
Ka Redshift scaling of;, in dex 10 G(0,0.3)
o7 Redshift scaling of, in dex 11 G(0.05,0.015)
A Amplitude of galaxy detection completeness 12 u(0,1)
Z Onset redshift of galaxy detection completeness 12 z>08
b  Fraction of incompleteness due to burstiness (as opposhstmess) - u(0,1)
P05 Correlation of SFR to stellar mass at fixed halo mass=0.5 C12 U(0.23/1.0)

NoTE. — G(x,y) denotes a Gaussian distribution with cent@nd widthy. U (X, x2) denotes a uniform distribution from to x,. The remaining parameters
have no explicit priorsivl; ande are explored in logarithmic space, wheregs, and-~y are explored in linear space.

TABLE 3 ficient that systematic errors in calculating stellar masse
OBSERVATIONAL CONSTRAINTS ON THESTELLAR MASSFUNCTION the largest source of uncertainty (Behroozi et al. 2010). At
higher redshifts, this is no longer the case; statisticdlsam-
le variance errors can be of equal magnitude to estimated
Publication _ Redshifts___Colors Area NOtesgystematic errors. Nonetheless, under the assumption of a
Baldry et al. (2008) 0.003-0.05 ugriz 4783 de§ VBD . .
Moustakas et al. (2013) 0051  UV-MIR  9deg D Smoothlyvarying stellar mass — halo mass (SMHM) relation,
Pérez-Gonzalez etal. (2008)  0.2-1.6  UV-MIR  0.184%eg ISD OUr approach (which simultaneously constrains the SMHM

Mortlock et al. (2011) 1-3  BVizhig 0.0125deg VID relation against many stellar mass functions at differedt r
Marchesini et al. (2009) 1.3-4 B-MIR  0.142 ded ID  shifts) can constrain the statistical errors better thanirhi-
Marchesini et al. (2010) 3-4 UV-MIR  043dég ID  vidual error bars on stellar mass functions might suggest. W

Lee etal. (2012) 45 B-MIR 0089de§ SD refer the interested reader to Behroozi et al. (2010) foisa di
Stark et al. (2009) 6 BMIR  0089de§  SD  cygssion of the most common uncertainties affecting observa

Bouwens et al. (2011) 7-8 B-Higo 0.0148ded UD

Bradley et al, (2012) 3 MIR 0.076de§  UD tion constraints on the stellar mass function and to §2@.1 f

our parametrization of their effects. In this section, éfere,
we limit ourselves to discussing special concerns relet@nt

NOTE. — Letters correspond to the following corrections madehi® t . . - .
published results: | (Initial Mass Function), S (StellapBlation Synthesis using stgllar mass functions over this broad range O_f rédshi
model), D (Dust model), V (Sample Variance), B (Surface Biiigss incom- Questions about the accuracy of stellar mass estimates over
pleteness), C (Cosmology, specificaly U (UV to stellar mass conversion  this redshift range come from several previously publigieed
according to Gonzélez et al. 2011). The local results 0.2) in the Mous- sults that suggest that the evolution in the cosmic SFR tensi

takas et al. (2013) mass functions are taken from the SlogitelDEky Survey

and cover an area of 2505 deg is inconsistent with the estimated cosmic stellar massigens

atz> 1 (Nagamine et al. 2006; Hopkins & Beacom 2006;
We use three types of observational constraints on star for-Pérez-Gonzalez et al. 2008; Wilkins et al. 2008). One possi-
mation in galaxies: the stellar mass function (SMF), the spe ble explanation is an evolving or a non-universal IMF; a num-
cific star formation rate of galaxies (SSFR, star formation ber of different lines of evidence exist in support of thisth
rate per unit stellar mass), and the cosmic star formatiten ra ory (e.g., van Dokkum & Conroy 2010; Lucatello et al. 2005;
(CSFR). Stellar mass functions are discussed in §3.1, @osmi Tumlinson 2007a,b; van Dokkum 2008). Another possible
star formation rates are discussed in §83.3, and specific stareason is that star formation at high redshift could be purst
formation rates are discussed in 83.2. or dust-obscured, yielding an incomplete census of gadanie
To ensure a fair comparison between the different data sets|yman-break surveys (Lee et al. 2009; Stark et al. 2009). On
we convert each measurement to the same set of systematithe other hand, Reddy & Steidel (2009) offer a simpler expla-
assumptions. For the initial mass function (IMF), we con- nation. They appeal to luminosity—dependent reddening cor
vert all results to that of Chabrier (2003). We do not conside rections in the ultraviolet luminosity functions at higlshift
evolving IMFs, nor do we consider the uncertainties for anon as well as steeper faint-end slopes for stellar mass furtio
universal IMF, as both uncertainties are beyond the scope ofand demonstrate that the purported discrepancy then yargel
this paper. For the stellar population synthesis and dust mo vanishes.
els, we convert all results to the models of Bruzual & Charlot  In our analysis of recent cosmic SFR literature (83.2), we
(2003) and Blanton & Roweis (2007). In all cases, we convert find that newer estimates of the cosmic SFR are systematicall
authors’ supplied units to physical units under the assiampt  lower atz > 3 than the data in Hopkins & Beacom (2006)
thath=0.7. (see Fig. 2). A similar conclusion is reached in Bernardiet a
) (2010) and Moster et al. (2013). In addition, deep probes of
3.1. Stellar Mass Functions the stellar mass function at lower redshifts<{ 1.5) have re-

We combine many overlapping data sets (Baldry et al. 2008;sulted in findings of steep faint-end slopes (Baldry et ab&0
Moustakas et al. 2013; Pérez-Gonzalez et al. 2008; MortlockDrory et al. 2009; Mortlock et al. 2011). We find this to be
etal. 2011; Marchesini et al. 2009; Stark et al. 2009; Bowsven Strong evidence in support of the explanation in Reddy & Stei
etal. 2011) to constrain the evolution of the stellar massfu  del (2009). Nonetheless, we also consider simple models for
tion fromz=0toz= 8. These are shown in Table 3. the effects of bursty or dusty modes of star formation; afrana

Different observational challenges present themselves inysis of models for an evolving or non-universal IMF is beyond
each redshift range. At low redshifts, the statistics afe su the scope of this paper.
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The highest redshifts present unique challenges. Herein, . ‘ — T
for redshifts 7< z < 8.5, we convert the UV luminosity func- ° o — - Fit (New)
tion given in Bouwens et al. (2011) to a stellar mass function : b o
according to the recipe in Gonzalez et al. (2011). It has been
suggested that this conversion is reasonable given théue
continuum slopes of such high-redshift galaxies, and ¥ollo
up observations from IRAC that imply that these early galax-
ies are nearly dust-free (Labbé et al. 2010). At the same time
concerns arise because the UV luminosity function presente
in Bouwens et al. (2011) is steep £ -1.6 t0—-2.0, instead of
the shallowerny ~ —1.5 to —1.7 at lower redshifts). One inter-
pretation of this result is that assumptions for galaxy rhotp N
ogy (and, therefore, the ability to measure estimate thle ful
UV flux or half-light radii) can bias the calculated UV lumi- 0
nosity function to have a steeper faint-end slope (Graziah e
2011). Indeed, any systematic effect that interferes matre w
brighter galaxies than with dimmer ones (e.g., dust) wilkte T T E
to cause an overestimation of the slope of the UV luminos- x
ity function. Gonzalez et al. (2011) assume that luminesity
dependent corrections for the UV-to-stellar-mass comvers
do not evolve substantially from=4 to z=7. This may
in fact overestimate the dust corrections, an error thatldvou
lower the faint-end slope, partially correcting for a failure to
account for galaxy morphology. In addition, recent work has
shown that many estimates of stellar masses-a may have
been overestimated due to nebular line emission (Stark et al
2013); however, the conversions in Gonzalez et al. (2011) do
not share this problem (D. Stark, priv. comm.). As the use . N ]
of UV-only stellar masses therefore remains controvensial T .
present results both with and without the converted Bouwens
etal. (2011) stellar mass functions for 7—8 in Appendix J.
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. . FIG. 2.— Cosmic star formation rates reported in the past sixsybave
3.2. Cosmic Star Formation Rates been dramatically lower at high redshifs> 2) than previous resultsTop

To assemble constraints on cosmic star formation rates. w anel: our new compilation of cosmic star formation ratesictv excludes
. . ! hose reported before 2006 (see Table 4), along with a h@sgfidouble

conducted a comprehensive literature search on the astro-ppower law. Bottom panel: the compilation of cosmic star formation rates
arXiv for papers posted within the past 6 years (2006-2012);reported in (Hopkins & Beacom 2006) along with a best-fititogible power
detalls of the search are in Appendix F. The Seledted papery e b P s st g v
are summarized In Tab.le 4. Many different types of surveys shifts result fl%m changing assumptioné about t%e amoudustf preg']sent at
were conducted, including estimates of the cosmic SFR from; . 3. Fits (Eq. F1) to the new and older data sets are given ireTabError
narrowband (e.g., ), broadband (UV-IR), and radio (1.4 bars are not shown since publications have often dramigticatierestimated
GHz) surveys. the true magnitude of the systematic errors (see §3.2).

As shown in Fig. 2, newer estimates of the cosmic SFR are
systematically and substantially lower than previous demp 0-27 dexfoz> 3.
lations (such as Hopkins & Beacom 2006)at 3. At high e .
redshifts, the predominant method of probing star fornmatio 3.3. Specific Star Formation Rates
is through UV emission; however, conversion to a star for- We conducted a literature survey in an almost identical
mation rate requires quantifying dust obscuration systema manner as for the cosmic star formation rate to assemble a
ics. Previously, Hopkins & Beacom (2006) assumed fixed collection of specific star formation rate (SSFR) constsin
dust obscuration foz > 2.5. However, new measurements as a function of stellar mass, again in October 2012 (see Ap-
have shown that the amount of dust is likely to decrease subpendix F). The selected papers are summarized in Table 5.
stantially with redshift beyond ~ 3 (Bouwens et al. 2012; Most authors do not consider the full range of systematias th
Reddy & Steidel 2009). The inferred star formation ratesthu could affect their stellar masses or SFR estimates. To atcou
were likely to have been overcorrected in Hopkins & Beacom for this we take a similar approach as in 83.2 and estimate
(2006), although substantial uncertainty about the costaic ~ systematic errors by calculating inter-publication vaces.
formation rate at high redshifts still remains. Details of our approach are given in Appendix F. We did not

Because most survey authors do not fully consider sys-find evidence for mass or redshift trends in the variance, and
tematic errors, most reported error estimates (1-10%)care t have adopted a uniform systematic uncertainty of 0.28 dex fo
small to explain the observed variance in published esémat SSFRs.
of the cosmic star formation rate (see Fig. 2). Therefore, in  Besides these observational constraints, we apply one mod-
stead of using authors’ estimates for systematic unceéigajn  eling constraint to SFRs in high-mass halos at low redshifts
we estimate the true systematic errors by computing the vari The slope of the stellar mass — halo mass relationship flat-
ance of our collection of published SFR estimates, as @eftail tens towards high halo masses (Behroozi et al. 2010; Moster
in Appendix F. Our results are given in Table 7. We find the et al. 2010), meaning that central galaxy stellar mass besom
average systematic error to range from 0.13 dex=a0 to a poor indicator of the host halo mass. Consequently, ob-
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TABLE 4 responding to the range of the SDSS survey used in Wetzel

OBSERVATIONAL CONSTRAINTS ON THECOSMIC STAR FORMATION et al. 2012); if it is above M., yr*, the the totaly? error of
RATE the fit is increased by(8FH) — 1M, yr1)2(Mg, yr1)=2.
Publication  Redshifts __Technique Area Notes 4. SIMULATION DATA
Robotham & Driver (2011)  013-0.1 uv 833 deg I We rely mainly on the high-resolutidBolshoisimulation,
Sel‘_')'l”;te;al('z(gff;)) @0%_5'2 U;/ é“;g:g ';‘ described in Klypin et al. (2011). Bolshoi follows 2048
Zheng et al (20072) o1 UVIR 0.458 ded | (=86 b|II|or1)1 particles in a comoving, periodic box with side
Rujopakarn et al. (2010) 912 FIR 0.389-9dey | length 250h™ Mpc from z= 80 to the present day. Its mass
Smoki¢ etal. (2009) (®-13  1.4GHz 2 deg I resolution (19 x 10° M) and force resolution (h™* kpc)
Shim etal. (2009) -~ 0-1.9 Ha 0.029 deg I make it ideal for studying the evolution of halos from40
Tadakietal. (2011) 2.2 H 0.0186de§ | \; (g q. satellites of the Milky Way) to the largest clusters
Sobral etal. (2013)  0.4-2.3 fial 0.016-1.7 degy |, ; 5 . .
Magnelli etal. (2011)  1.3-2.3 R 0.0786deg | INntheuniverse (18 Mg). Bolshoi was run as a collisionless

Karim etal. (2011) ®-3 1.4 GHz 2 ded dark matter simulation with the Adaptive Refinement Tree

Ly et al. (2011b) +3 uv 0.241 deg Al Code @RT; Kravtsov et al. 1997; Kravtsov & Klypin 1999)
Kajisawa et al. (2010) 6-35 UV/IR 0.029 deg Al assuming a flatACDM cosmology 2y = 0.27, Q5 = 0.73,
Dunne et al. (2009) 64 1.4 GHz 0.8 degy I h=0.7, 0g = 0.82, andns = 0.95). These cosmological pa-
Lecé’gfg'ﬁté itti'l' ((22%%)?) gg IR‘_Jr\n/m 0-6\/1?11“32@ 'I rameters are consistent with results from both WMAP5 (Ko-
van der Burg etal. (2010) 35 v 4 deg | ?ll?)t;lé\tihaeli glocz)(g))li‘)nd the latest WMAP7+BAQg+tésults
Yoshida et al. (2006 45 uv 0.243d [ , nedLd). " ,
Boif,véni it;, ((2012)) 48 uv 0.040 dig | Halos in Bolshoi were identified usingd® KSTAR, a seven-

dimensional halo finder that uses phase space plus tempo-
NOTE. — Letters correspond to the following corrections madéeodub- ral |nf0rmat|0_n (Behr002| et _al- 2013b)- Me_rger trees ‘_’Vere
lished results: I (Initial Mass Function), A (Intrinsic Ster Correction; see  generated using a new algorithm presented in Behroozi et al.
Appendix F). The technique of Le Borgne et al. (2009) (pataiméerivation (2013c), which enforces physically consistent evolutidn o
of the cosmic SFH from counts of IR-sub mm sources) uses phreikurveys halo properties across timesteps to provide increasedstobu
with different areas. P p R p . p
ness against anomalies in the halo finder. Halo masses are cal
culated using spherical overdensities, according to thalvi

TABLE5 overdensity criterion of Bryan & Norman (1998).
OBSERVATIONAL CONSTRAINTS ON THESPECIFICSTAR FORMATION To supplement results from Bolshoi where there exist con-
RATE cerns about statistics (i.e., for high-mass halos) or fitiain
conditions (as Bolshoi uses Zel'dovich/1LPT initial condi
_ Publication  Redshifts  Technique Area Notesions), we also make use of two larger simulatioldulti-
Salim et al. (2007) ©05-0.2 uv 741 deg Dark follows the same number of particles in a much larger
Zheng et al. (2007a) p-1 UV/IR 0.458 ded |

volume (1000h™* Mpc) with 7 times worse force resolution

Twite et al. (2012 1 I 1.4d . ; . ; \
No\(,evsllfeeetaal.((2007)) 2-11 UV/IR 05 dgg | and 64 times worse mass resolution, but using the identical
Tadaki et al. (2011) 29 H 00156deg |  Simulation code and cosmology (Riebe et al. 20Cnsuelo

Whitaker et al. (2012) 825 UV/IR 0.4 ded follows 1406 particles in a somewhat larger volume (42d _
Daddietal. (2007) ~ #-25 UV-14GHz <0.025dej | Mpc) than Bolshoi; it has eight times worse force resolution
Salmietal. (2012) ®-13 U-IR <0.025 deg and fourteen times worse mass resolution (McBride et al, in

« Karim ettali (22%1110) 3‘335 1&/%'2 o 0223?163 | Preparation; see also Behroozi et al. 2013M)has a slightly

ajlsawa et al. 0O-s. . e i — — — —

JReddy o 220123 o3 i 614 dod | different cosmology{m = 0.25,2, =0.75,h=0.7,ns= 1.0,

Lee ot al. (2011) 3_43 UVIR 53 ded ando =0.8) and was run using the GADGET-2 code (Springel
Feulner et al. (2008)  .8-5 UV/IR 0.025 deg | 2005). Notably, however, it uses the more accurate 2LPT ini-
Gonzalez et al. (2012) 46 UV/IR 0.040 deg | tial conditions instead of Zel'dovich initial conditionsp it
Schaerer & de Barros (2010) B uv 2 degd I serves as a way to correct for inaccuracies in the high-itdsh
Labbe et al. (2012) 8 UV/IR 0.040deg | mass function for Bolshoi.
McLureetal (2011) 687 uv 0.0125de§ N Results from these three simulations are used to calibrate
the halo mass function (Appendix G), halo mass accretion his
NOTE. — The letter “I” corresponds to an Initial Mass Functionreation; tories (Appendix H), and subhalo disruption rates (Appgndi
“N” corresponds to a correction for nebular emission lirgégack et al. 2013). |) used in this work
Daddi et al. (2007) report using a fraction of the GOODS-N &@ODS-S ’
fields, but did not report an exact area. Schaerer & de Bag@s0) use a 5 RESULTS

combination of fields, the largest of which is COSMOS (withe2fdarea).

However, this has a comparatively bright limiting magnéud The method presented above results in a posterior distribu-
. tion for the set of parameters describing models that match

served SSFRs (reported as functions of stellar mass) offefypserved stellar mass functions, specific star formatitesra

poor constraints on the star formation rate of high-mass ha-5nq cosmic star formation rates frars 0 to z= 8. All data

los. Nonetheless, observations of galaxy clusters have ind oqyits in this paper are available for download onfir@ur

cated that the central galaxies generally have very low starygqst_fitting parameters with one-siama limits are as folipw
formation rates (e.g. Donahue et al. 2010; Rawle et al. 2012) gp g

To account for this we apply a weak prior based on the Wetzel
et al. (2012) group catalog. The recent star formation histo Shttp://1ss. phy. vanderbilt.edu/ | asdamas/
of My > 10'M,, halos is averaged from= 0 toz= 0.2 (cor- 4http:// ww. pet er behr oozi . coml dat a. ht m
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FIG. 3.— Top panel: Evolution of the stellar mass function franx 0
to z= 8 in the best fitting model (colored lines), compared to olm@®ns
(points with error bars; for clarity not all data is shownBottom panel:
Observational constraints on the cosmic star formatioa (alack points),
compared to the best-fit model (red solid line) and the pwstene-sigma
distribution (red shaded region).
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FIG. 4.— The best fitting model (red line) and posterior one-sigiistri-

log,o(My1) = 1]_514‘:8:888+ (_1-79:{8:%%(5)(61_ 1)+ (—0.25]:8:(13%2)Lbution (red shaded region) for the evolution of the specific ®rmation rate

a=-14123358+(0.731535(a- 1))
§=3.508 558+ (2.608F 35} (a~ 1) +-0.04F 572w
7=0.3169315+(1.3195284a-1)+0.279333%)v
logyo(Mn,ct) = 12515336+ (-2.5033579)(a— 1)
pos=0.799'3 322
Systematic Parameters:
p=-0.0205535+0.0815%H(a~ 1)
1=0.0457 550+ (-0.1553 139 (a—1)
£=0.218%511+-0.0235%4a-1)
0=0.070+0.061"33%%z-0.1)
Gi(2)=0.2733303(1 +exp(1077:5855-2) ™
b=0.8237875

fromz=0toz= 8, compared to observational estimates (black points).

Fit quality: x? > 245 Our totaly? error for the best-fit model
from all sources (observational and theoretical) is 243 t®
number of observational data points we use (628), the nom-
inal reducedy? is 0.4. While the true number of degrees of
freedom is not easily computed (note for example that cevari
ance matrices are not available for most stellar mass fumsti

in the literature), this suggests that our best fit is a reaisien
match to the data. This is shown visually in Fig. 3, which
shows the evolution of the stellar mass function and the pos-
terior distribution for the observed cosmic star formatiate

and in Fig. 4, which shows the posterior distribution of spe-
cific star formation rates.

As discussed in §2, each model in the distribution contains
complete information on the average stellar content and for
mation history of halos as a function of mass and redshift.
Herein, we focus on a few interesting implications, leaving
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FiG. 5.— Left panel: Average star formation rates as a function of halosraas redshift. The overlaid white lines show average mas®i@an histories
for halos as a function of redshift for comparison. The gneaashows halos that would have a mass-dfo'>°M, atz= 0 and therefore are not expected to
exist. Right panel: Star formation histories (SFH) as a function of pnesiay halo mass and redshift, for galaxiez at0. This figure shows the historical star
formation rate for stars in the galaxy at the present dayceSihe contribution of stars from merging galaxies is so kbig is equivalent to the star formation
rate traced along the white mass accretion trajectoridseiteft panel.
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FIG. 6.— Left panel: Average star formation rates for the galaxies inshataa given halo mass and redshift (lines). Shaded regidiisabe the one-sigma
posterior distribution.Right panel: Average star formation histories as a function ob mhss and redshift (lines). Shaded regions indicate thesignea

posterior distribution. Histories for #8M, halos are not shown as they are very similar to those f&tN\I@ halos.
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Fi1G. 8.— Evolution of the derived stellar mass fractioh.(z)/Mn(2)) as
a function of halo mass at the present day. More massive hakxsto have
a significantly larger fraction of mass in stars, but the ps@k formation
efficiency has remained relatively constant to the presant d

more extensive coverage to a follow-up paper. In 85.1, we
present derived star formation rates and star formatidn-his
ries as a function of halo mass and redshift. Next, in 85.2, we
discuss constraints on the stellar mass to halo mass relatio
both as a function of historical halo mass and as a function of
halo mass at=0. In §5.3, we compare the trajectories of the
stellar mass and intracluster light (ICL) buildup in gaksi

Then, in 85.4, we discuss instantaneous baryon conversioQ:

efficiencies and how they relate to integrated baryon cenver
sion efficiencies as well as stellar ages and formation times
85.5. In 85.6, we compare our main results to those obtaine
by previous studies. We discuss the main effects of the uncer
tainties we have modeled in §5.7; finally, in 85.8, we present
new fitting formulae for individual galaxy star formatiorshi
tories relevant to observers.

5.1. Star Formation Rates and Histories

We show derived star formation rates as a function of halo
mass in the left panel of Fig. 5, and the corresponding star
formation histories for galaxies at= 0 in the right panel.
As discussed in 85.3, the contribution from merging gakaxie
to the central galaxy is small, so star formation histori@s f
galaxies az = 0 trace the star formation rate as a function of
their progenitor’s halo mass. Also, for this reason, stamfn-
tion histories for galaxies at a given redsfiftare nearly the
same a% for the the= 0 stellar populations, except truncated
atz=z,.

Wezsghow similar plots with one-sigma uncertainties in Fig.
6. The left-hand panel demonstrates that the star formatio
rate at fixed halo mass has been monotonically decreasin
since very early redshifts. This rate of decrease is diffeficr
different halo masses. At moderate to high redshifts @),
larger halo masses generically have larger average star for
mation rates. However, at lower redshifts, the highest mas
halos My, > 10'*M.) become so inefficient that they have
lower star formation rates than group-scale'éM.) halos
or Milky-Way sized (18°M,) halos.

From the perspective of individual galaxies, it is more il-
luminating to look at the star formation history in the right

5 Note that this also requires that the halo accretion hisoaire similar
between the = 75 progenitors oz = 0 halos and all similar halos of the same
mass as the progenitorszt zg; however, this has been shown to be the case
in McBride et al. (2009).
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panel of Fig. 6. Because halos continually gain mass over
time, and do so more rapidly at early redshifts, the star for-
mation history for galaxies is not monotonically decregsin
Instead, itincreasesrapidly with time, approximately as a
power law in time. Depending on present-day halo mass,
the galaxy’s star formation rate reaches a peak at a redshift
betweenz = 0.5 to z= 2.5 (higher redshifts for higher halo
masses) and then decreases until the present day. The rate
of decrease depends again on the halo mass, with high halo
masses shutting off more rapidly than lower halo masses.
Cluster-scaleNl, > 10'*M.,) halos form most of their stars
rapidly, at early times, whereas galaxies in Magellania@lo
scale halos (18M.,) form stars over an extended period of
time (see also 8§5.4).

5.2. The Stellar Mass — Halo Mass Relation

We show constraints on stellar mass — halo mass (SMHM)
relation fromz =0 toz= 8 in the left panel of Fig. 7 and on
the stellar mass — halo mass ratio in the right panel. As seen
in our previous work (Behroozi et al. 2010), there is a strong
peak in the stellar mass to halo mass ratio at arouttM9to
atleastz~ 4 and a weaker peak still visible te- 8. While the
location of the peak appears to move to higher masses with in-
creasing redshift (consistent with Leauthaud et al. 20th2),
abundance of massive halos is also falling off with incregsi
redshift.

In terms of dwarf galaxiesMh ~ 101°M,), we only have
onstraints from observations at 0. These have been the
subject of recent interest due to the finding of higher-than-

Gexpected stellar mass to halo mass ratios in dwarf galaxies

around the Milky Way (Boylan-Kolchin et al. 2012). How-
ever, these expectations have been set largely by the assump
tion that the stellar mass to halo mass ratio remains a scale-
free power law below 18M.. As seen in Fig. 7, the low
mass power-law behavior is broken below*\., corre-
sponding with an upturn in the stellar mass function below
10°5M, (Baldry et al. 2008) (this result has also been seen by
Kravtsov, in prep). This underscores the danger of assuming
that faint dwarfs obey the same physical scaling relatians a
Magellanic Cloud-scale galaxies; moreover, it also is @ngjr
argument against fitting the stellar mass — halo mass ralatio
with a double power law (see discussion in Appendix D).
Concerning the range of allowed SMHM relations, the ob-
servational systematics are large enough that our resdts a
marginally consistent with an unchanging SMHM relation
from z=6 to z= 0. Nonetheless, the feature with strongest
significance is a gradual decrease in stellar mass in the me-
dian 1M, halo fromz=0toz= 2, followed by an increase

again for redshiftz > 6; also potentially indicated is an in-

Srease in stellar mass in the medMp > 10**M,, halo from

z=0toz=2. The best fit SMHM relations at= 7 andz=8

are significantly different than at lower reshifts, with raor
stellar mass per unit halo mass. However, concerns about the
reliability of the stellar mass functions at those redshfee
§3.1) urge caution in interpreting the physical meanindnisf t
result.

A useful perspective on these results can be obtained by
considering the historical stellar mass to halo mass rédtio o
halos, as shown in Fig. 8. Despite the large systematic un-
certainties, it is clear that halos go through markedly dif-
ferent phases of star formation. This evolution is most ap-
parent for massive halos, as observations have been able to
probe the properties of the progenitor galaxies all the way t
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FIG. 9.— Left panel: Stellar mass growth histories of galaxies of difieraasses. Lines shown the amount of stellar mass remamiceniral galaxies at the
present day that was in place (in any progenitor galaxy) atengedshift for our best fit modeRight panel: Amount of stellar mass in the intracluster light
(ICL) remaining at the present day in place at a given retisNifte that plots for 1M halos are not shown as they are nearly identical to thoseOfdiVL,
halos. Sgaded regions in both panels shown the one-signteripoglistribution.

rapidly to 70-80%. Yet, due to the sharply decreasing stella
mass to halo mass ratio for lower-mass halos, most of the in-
coming stellar mass will be in (rare) major mergers. Central
galaxies are therefore relatively uncontaminated by $tans
smaller recently-merged satellites. At higher redshfitsy-
ever, larger fractions of the stellar mass in merging gatxi
are allowed to be deposited onto the central galaxy.

In Fig. 9, we show the amount of galaxies’ present-day stel-
lar mass and intracluster light (ICL)/halo stars that was in
place at a given redshift. The left-hand panel (stellar mass
shows that almost all stars in the central galaxy in predagt-
cluster-scale halos were in placezat 2. However, since that
time, a large number of their satellites have been disrupted
into the ICL. Thus, for cluster scale halos, the stellar niass
L the ICL exceeds the stellar mass in the central galaxy by-a fac

10% 10 104 10° tor of 4-5, consistent with observations (e.g., Gonzalea et

M, Ml 2005). We note that our model predicts what may seem to be
a large ICL fraction for Milky Way-sized galaxies (¥d,).

FiG. 10.— The fraction of stellar mass growth in galaxies duie titu star However, the Milky Way is a special case. It has not had a ma-
formation (as opposed to growth by galaxy-galaxy mergess) function of jor merger for~ 10-11 Gyr (Hammer et al. 2007); however, as
halo mass and redshift. . . noted above, only major mergers can contribute substntial
z=8. Specifically, high-redshift progenitors of today'sfiit- o the ICL. A major merger 11 Gyr ago would have, however,
est cluster galaxiedv, ~ 10"*M, were relatively efficientin  contributed less than 3% of the present-day stellar ma$eof t
converting baryons to stars—comparable to the most efficien Milky Way into the ICL; allowing for passive stellar evolu-
galaxies today. However, between redshifts® their effi- tion, this would result in less than 2% of the luminosity of
ciencies peaked, and thereafter they began to form sta's lesthe Milky Way coming from the intrahalo light, in excellent
rapidly than their host halos were accreting dark matter. At agreement with observations (Purcell et al. 2007).
the present day, such galaxies have an integrated starforma Finally, in Fig. 10, we show the inferred fraction of stel-
tion efficiency that is two orders of magnitude less than at lar mass growth in galaxies coming fraim situ star forma-
their peak. The picture is less clear for progenitors of lewe tion (as opposed to galaxy-galaxy mergers) as a function of
mass galaxies because current observations cannot peibe th halo mass and redshift. At all redshifts greater than 1, the
progenitors as far back. Nonetheless, their apparent b@hav vast majority of stellar mass growth is from star formation,
in Fig. 7 of rising to a peak efficiency and later falling is eon  and hence stellar mass functions alone may be used to infer
sistent with all available data. galaxy star formation rates. However, the stellar mass trow

_ o rate of high-mass\p > 10'3M,), low-redshift halos is such

5.3. Stellar Mass and Intracluster Light Growth Histories  that it cannot be explained entirely oy situ star formation.

Our model constrains the buildup of stars in the intraclus- For these halos, stellar mass functions alone cannot be used
ter light (see definition in §2.4) purely from observational to infer their star formation rates (see also the discusiion
galaxy data and measurements of the halo-halo merger rat§6 and in Appendix J). Interestingly, in the local universe t
in simulations (see also Watson et al. 2012 for an alternatetransition between merger-dominated growth and star forma
method). In our best-fitting model, only 5% of stellar mass tion growth in the local Universe is roughly the mass of the
in mergers for 18M, halos is allowed to be deposited onto Milky Way — low mass galaxies are dominated by star for-
the central galaxy since= 1, and only 10% for 18M, ha- mation, and galaxies in halos more massive thahdNg are
los. For Milky Way-sized and smaller halos, this numbergise dominated by merging.
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FIG. 11.—Left panel: Ratio of the average SFR to the average baryon awtretie §,dM/dt) for halos as a function of halo madgight panel: same, except
as a function of halo massat 0 (i.e., ratio of SFR to baryon accretion rate for the pratpes of present-day halos). Lines shown the best fit modgistraded
regions show the one-sigma posterior distribution.
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FIG. 12.—Left panel: Ratio of the stellar mass to halo mass at a given fédsha function of the halo massat 0. Right panel: Ratio of the stellar mass
at a given redshift to the stellar mass in the descendentytdday, as a function of the halo massat 0. Lines shown the best fit model and shaded regions
show the one-sigma posterior distribution.
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5.4. Baryon Conversion Efficiencies ries become more and more flat (constant), on average. A

Assuming that the baryon accretion rate for a halo is equalPerfectly flat star formation history would result in an age
to the universal baryon fractiorfy, which is 0.17 in our cos-  29€ Of about half the age of the universe, or roughly 6.7 Gyr,
mology) times the overall halo mass accretion rate, we canthis is somewhat higher than that seen foPM@ galaxies.
calculate the instantaneous baryon conversion efficiemey i On the other hand, for individual dwarf galaxies, the star fo
plied by our models. In the left-hand panel of Fig. 11, we mation history is likely to be stochastic, which may resnlt i
show the instantaneous conversion efficiency at fixed halo@ large scatter around this average value. _
mass. Remarkably, this efficiency is always highest for For the most massive galaxies today10'“M), the time
Milky-Way sized halos (18M,), corresponding well with required to form 50% of their stars was extremely short—
the peak in the stellar mass to halo mass ratio seen in Fig. 70Ny 1-2 Gyr. This in turn translates to a high star forma-
Moreover, this efficiency (20-40%) is constant to withinafa  tion rate, on the order of 200-100@., yr™*, which is con-
tor of two over a remarkably large redshift range, sugggstin Sistent with observations of ultra-luminous infrared gada
that the efficiency is only a weak function of accretion rate (ULIRGs; Magnelli et al. 2012; Michatowski et al. 2010a,b;
in halos of this mass. For more massive halos, there is a deDaddi et al. 2005; Chapman et al. 2004).
crease in the baryon conversion efficiency following refishi :
2-3. This suggests that the ability of accreted materiabtd ¢ 56 Comparlson to Gther Results
onto star-forming regions becomes impaired at lower rétshi ~ We show a comparison of our best-fit results for the stel-
for such halos. However, this decrease is gradual, takiggpl ~ lar mass to halo mass ratiozt 0.1 to previously-published
over many Gyr (see also Behroozi et al. 2013a). Rather thanresults in Fig. 14, and we show comparisong at1.0 and
an abrupt change in the character of infalling gas, this mayz= 3.0 in Fig. 15. Where possible, conversions to our as-
suggest that the decreasing density and accretion ratesof gasumed cosmology and halo mass definition have been applied.
make it gradually more difficult for cold clumps to form, es- The results in this work are almost identical to our previous
pecially in the presence of an active galactic nucleus. results in Behroozi et al. (2010), with the exception of a de-

On the right-hand side of Fig. 11, we show the historical Viation at low halo masses due to the updated stellar mass
baryon conversion efficiency for progenitorsof 0 halos. ~ functions used. We also compare to the new constraint of
For massive halos at= 0, their conversion efficiency climbs ~Reddick et al. (2012), which uses additional input from the
steeply towards higher redshifts as their halo mass falls tocorrelation function and conditional stellar mass functas
roughly 132M,; once their halo mass drops below that value, measured by SDSS. There is a slight discrepancy between the
they then become less and less efficient at very high red-two results for small masses due to the different sateliéte-f
shifts. For less-massive halos, such as those that &#110  tions obtained usindlpea andvina (still within our system-
atz= 0, their conversion efficiency has been increasing from &ic errors), but the Reddick et al. (2012) rzesult4|s onlylwel
early times to the present day. constrained by additional data in the rangé*-a0'*Mg.

On the left-hand side of Fig. 12, we show extrapolated his- Comparisons to other data setszat 1.0 (Moster et al.
torical stellar mass to halo mass ratios—proportional to in 2010; Guo et al. 2010; Wang & Jing 2010; Zheng et al. 2007a;
tegrated baryon conversion efficiencies—similar to the bot Yang etal. 2009a; Hansen et al. 2009; Lin & Mohr 2004) are
tom panel of Fig. 7. Notably, stellar mass to halo mass ra- discussed extensively in Behroozi et al. (2010), so we do not
tios also peak when halos reacitad.,, indicative of steeply ~ 'epeat that discussion here. The 3 comparison is notable
falling star formation efficiencies at higher and lower nesss because it illustrates the large discrepancies that canrocc
It would appear that the maximum integrated stellar mass ef-When different stellar mass functions are used at3. For

ficiency is around 20-40% at all redshifts. example, Yang et al. (2012) perforrp modeling for two sepa-
rate highz stellar mass functions (Pérez-Gonzalez et al. 2008
5.5. Stellar Ages and Drory et al. 2005). Part of the discrepancy between the

| two sets of results may be due to a somewhat restrictive red-
shift fit, and part of it may be due to systematic biases itestel
masses at high redshifts.
In Fig. 16, we show a comparison of galaxy stellar mass his-
tories between our results and those of Leitner (2012). A di-

In the right-hand panel of Fig. 12, we show the historica
stellar mass in progenitors of halos &t O relative to the
present-day stellar mass. This should not be confused with
Fig. 9, which shows what amount of the currently-remaining
it]zliﬁ; quiiasu ;/\(/aacs)f g]as?slﬂ/%es?etllgr giyciﬂtii)er?(srggésgcg z,?agﬁerr(_ect comparison is difficult because Leitner (2012) only-con
formed sufficiently long ago will burn out by the present day) siders §tar—forn_nng galaxies. Howgver, acgordlng to Eq. 8,

These data allow us to derive stellar mass-weighted agedh€ active fraction (l:or 1M, galaxies is 90%, and the ac-
as a function of stellar mass, shown in the left-hand panel oftive fraction for 16°M, galaxies is 65%—although most of
Fig. 13. These ages are consistent with the stellar popukati  the passive 19M, galaxies have only recently become pas-
in massive galaxies (and halos) forming at very early times sive. Comparison of the stellar mass histories for thosgal
and having little star formation continuing to the preseag.d  ies is thus somewhat more feasible. Our stellar mass hastori
Less-massive galaxies have younger average stellar ages, ¢ agree remarkably well with those in Leitner (2012) except at
sistent with the ongoing star formation seen in the star é&srm  recent times for 1M, galaxies (where our model includes
tion histories for such galaxies in Fig. 6. While we havéditt more passive galaxies) and at early times fot°M)., galax-
information on the progenitors of galaxies less massiva tha ies, where observations do not constrain properties of thei
10°M., there is evidence that the average ages of the stellaprogenitors.
populations may increase for such galaxies. Specificadly, a . -
shown in the right-hand panel of Fig. 13, the time required 5.7. Systematic Uncertainties
to form 50% and 90% of the galaxy’s stars increases towards Several aspects of the allowed parameter range are notable.
lower stellar masses, indicating that the star formatiohi Most importantly, there is no necessity for a large number
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FIG. 14.— Comparison of our best-fit modelzt 0.1 to previously published results. Results compared ircthdse from our previous work (Behroozi et al.
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1 ‘ \ ‘ mass are necessaryzt 0. This is partially by design: the
—— Behroozi et al. (2013) 1 parametrization of the SMHM was chosen so that it could fit
Leitner (2012) | the z=0 constraints without need for or x; moreover, the

o
L

cosmic and specific star formation rates are derivative con-
straints, meaning that they only constrain how the SMHM
evolves with time. While the main fits favor some redshift
evolution in the systematic parameters, it is still possiiol
reasonably fit all observations while disallowing all syste

0)/ SM(2)
o
P
|

N
%’0'4 atic corrections (i.e., assuming that the stellar massg:stan
formation rates used in this paper are on average correct and
0.2- SM(z=0) = 16°™ - that all the surveys were 100% complete). Details of this
I fit are presented in Appendix J. We also present discussions
o | therein of how the allowed parameter space varies when cer-

0 | 1 | 2 tain data sets are not used to constrain the fit; specifically,
excludingz > 6 data; excluding cosmic star formation con-
straints; and excluding all star formation constraints.

1 ‘ T
—— Behroozi et al. (2013) 1 5.8. Fits to Star Formation Histories

Leitner (2012) 7 The most commonly used star formation history fitting for-

1 mula is a declining exponential with tim&FH(t) o« e/7),
used by almost all the observational papers cited in thikwor
(see references in Tables 3 and 5). Various modifications to
this form have been suggested (etgV/™ or e'/7 in Maras-

o
o

0)/ SM(2)
o
e
|

N
=047 ] ton et al. 2010), and there has been increasing recent @aden
@ that increasing star formation histories are more appabgri
0.2+ SM(z=0) = 16°°™ - for massive galaxies at high redshifts.
I Our best constraints in this study areareragestar forma-
0 ‘ ‘ tion histories for halos at a given mass. Thus, we can place

0 1 ‘ 2 the strongest priors on the expected form of stacked galaxy
z star formation histories. However, we can also place some

FiG. 16.— Comparison of our best-fit model's stellar mass histao those  weaker constraints on what individual galaxy star fornmatio
of Leitner (2012) (lines; shaded regions show the one-sigosderior distri- histories should look like

bution of our model). Note that the Leitner (2012) resultly@onsider star . S . .
forming galaxies; ours show the average histories for dbges. Individual galaxies’ histories can differ from the average

star formation histories for three reasons. The first istsiee
ticity in the star formation rate on short timescales retati

>

= ! to the dynamical time of the halo, due to feedback effects as

s well as shot noise in the star formation rate. This variation

2 0.96- cannot be modeled with our current approach, so we caution

s that the constraints on individual galaxy histories thatdee

5 0.92- rive should be considered as smoothed over a period of &t leas

£ 500 Myr. If enough color bands are available to avoid degen-

2 088 eracies with other fitting parameters, observers may censid

3 adding the possibility of recent starbursts to their models

8 0.84- | account for the fact that they can significantly alter obsdrv

g galaxy colors.

g The next reason for deviations is sustained deficits in the

z 0.8~ 7 star formation rate for satellite galaxies compared to field
5 R 5 R S galaxies (e.g. Wetzel et al. 2012). As shown in Fig. 24 (see

z also e.g. Kravtsov et al. 2004), the satellite fraction of ha

FiG. 17.— Allowed range for the completeness (i.e., probabiit galaxy Ios_ fa_\lls both with increasing mass and increasing reo!shlft
detection) of the surveys we use as a function of redshétptack line shows This is not a practical concern far> 3, where the satellite
the median value, and the grey bands show 68% confidenceursnt@his fraction is less than 20% for all currently-observable gala

average applies only to galaxies above authors’ stated letemgss limits. ; 5 ; ;
No strong evidence is seen for missing large numbers of tedhhift galax- 1es (M* > 10° MQ)' At lower redshlfts' the. observatlon that
ies due to burstiness or dustiness. satellites cease to form stars relatively quickly afteraton

(Wetzel et al. 2012) means that declining star formation his

of galaxies to be missed (due to dustiness or burstiness) atories may continue to be reasonable fits for satellite gesax
high redshift; indeed, the allowed incompleteness is in-gen even though most other galaxies of the same mass may be
eral less than 30%, as shown in the top panel of Fig. 17. Thisbetter fit by rising star formation histories.
would imply that most high-redshift surveys are not missing Finally, we note that differences can arise in individual
large fraction (>50%) of galaxies above their nominal detec galaxy star formation histories because of the scattereir st
tion thresholds. lar masses at a given halo mass, as well as the scatter in mass

The allowed parameter range is consistent with having bothaccretion histories for halos (see Fig. 19). We can attempt t
1 =0andx =0 atz=0; i.e., no systematic offsets in stellar model these effects by sampling random mass accretion his-
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respectively.
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FIG. 19.— Left panel: Median mass accretion histories for halos in narr@assbins (0.25 dex). The shaded regions contain 68% of tleadpn mass

accretion histories for different haloRight panel: Constraints on individual star formation histofimsgalaxies in 18°M, halos, compared with fits from Eq.
22-24.

tories from the Bolshoi simulation and then sampling random individual histories presented here is a double power law:

stellar mass growth histories as allowed by the scatteein st

lar mass at fixed halo mass (i.e., choosing random stellas mas _ t\B ,t\C1

offsets az=8,z= 1.0, andz= 0 and using spline interpolation SFH() =A [(;) * (‘) } '

at intermediate times). Our results, expressed as a funatio

time since the beginning of the universe, are shown in Fig. 18 typical values oB andC range from 1 to 5. It may often be the
These results have dramatically larger error bars tharethos case that the available data is insufficient to constraitihedie

in Fig. 6 on account of the spread in mass accretion historiesshape parameters. In this case, a hybrid of the exponential

for halos. Nonetheless, some basic conclusions can be drawrdecline and power law rise still provides a reasonable fit:

Star formation histories far > 3 galaxies increase with time.

(23)

Although there are different ways to parametrize thesehist SFH(t) = AtPexp(-t/7). (24)
ries, a straightforward one is a direct power law form:
6. DISCUSSION
SFH(t) = At (for z> 3). (22)

o o The existence of a “cold mode” of gas accretion that al-
This is also equally capable of fitting the average star for- |ows efficient star formation at high redshifts and shutgaff
mation rates in Fig. 6 a > 3. Our result is similar to that  massive galaxies past~ 2 has been predicted in hydrody-
of Papovich et al. (2011); however, we find steeper slopesnamical simulations for the past decade (Birnboim & Dekel
(B~ 3-4) than theirs B ~ 1.7) because they ignore all ef-  2003). In this work, we observe a transition after 3, where
fects of mergers that occur from 8 toz= 3. galaxies in massive halos become progressively less efficie

At lower redshifts, there is a mass-dependent turnover af-at forming stars, even after correcting for slowing acoreti
ter which the star formation history begins to decline. This rates since that time (Fig. 11, right panel). At fixed halo snas
happens at ~ 2-3 for 10''M, galaxies, making a declining  (Fig. 11, left panel), the transition is less severe, butehe
exponential az = 0 a reasonable fit. However, it happens as has been a clear reduction in the conversion efficiency since
late asz= 0.5 for 10>°M,, galaxies—meaning that a declining z ~ 3 to the present day. This suggests a picture in which
exponential imevera good fit for these galaxies unless they dense infalling gas can cool to the galaxy disk efficiently at
are satellites. The best fit in general for all the constsaamt high redshifts; however, at lower redshifts, the infalligas
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becomes sparse enough that it is susceptible either to shocktars appears to be close t0'44,,, regardless of redshift.
heating or feedback from an active galactic nucleus. The progenitors of today’s massive halgs10**M.) passed
Another important feature of our results is that merging through this mass quickly, and as a result formed most of thei
galaxies’ stars almost never reach the central galaxy in masstars in a short time: a mere 1-2 Gyr (Fig. 13). Given that
sive halos & 10% sincez = 1 for halos larger than 18M.,). baryon to star conversion becomes so inefficient above and
This claim is not new (Purcell et al. 2007; Conroy et al. below this halo mass, much of the shape of the star forma-
2007), but it is reassuring that we duplicate this conclusio tion histories seen in this paper (Fig. 6) could be explamed
with high confidence. This is in stark contrast to what is considering the duration of time that a given halo’s mass ac-
asserted in (Moster et al. 2013) (i.e., 80% of merging starscretion history spends close to this most efficient halo mass
reach the central galaxy); however, their assertion isdase That is to say, the peakiness of the star formation history de
on simulations of Milky-Way sized halos, for which we find pends on how quickly the halo mass accretion history passes
that indeed~ 70% of merging galaxies’ stars reach the cen- through halos of mass 10'?M.,. As lower-mass halos have
tral galaxy. Thus, the fraction of merging stars that redeh t  slower relative accretion rates, they have flatter star &ion
central galaxy is likely a strong function of halo mass. histories; e.g., Milky Way-sized halos have lingered irsthi
Itis worth mentioning that the SFRs derived in Moster et al. mass range from~ 1, and so have the current highest stellar
(2013) appear reasonable despite this issue. We note thahass to halo mass ratio, as well as star formation histdrés t
Moster et al. (2013) assumes that satellite stellar masseid fi  track their halo mass accretion rates well at late times.
at the epoch of accretion, which results in less stellar rimess ~ Low-mass halos (f0M.) show an unusual behavior in
satellites than in this work. Additionally, Moster et alO(3) terms of their baryon conversion efficiency. In the left dane
assumes a higher value of the scatter in observed stell& masof Fig. 11, it would appear that the instantaneous baryon con
vs. true stellar mass{ than we do, which comes from com-  version efficiency of 1M, halos is high at high redshifts
paring technique-to-technique scatter in recoveringiolese  (z > 5), low at intermediate redshifts @ z < 5), and then
stellar masses. This results in a much larger allowed eolut  high again at low redshifts. While this behavior matchestwha
for massive galaxies betweerr 1 andz= 0, which is very  is seen in the integrated baryon conversion efficiency fohsu
sensitive to the value of (Behroozi et al. 2010). The combi-  halos (Fig. 12, left panel), the corresponding galaxieére
nation of these two assumptions (less stellar mass iniseell  ten at the faint edge of the completeness limit for stellassna
and greater allowed evolution in the stellar mass of massivesyrveys. For that reason, observational biases may be tste mo
galaxies) roughly cancels the effect on the SFR of assumingjikely source of this behavior.
that more stellar mass in satellites is allowed to merge into  Qur results have importance for future observational stud-
the central galaxy. We note, however, that our satellitteste  jes. The current levels of systematic errors in the infeeasfc
masses are already on the low side of what is allowed by clus-stellar masses and star formation rates are the dominant sys
tering constraints (Reddick et al. 2012), leaving littl®m  tematic uncertainty in this work. As discussed in §3, stella
to reduce them further as is done in the Moster et al. (2013)mass functions &> 3 can disagree by upto 0.5 dex, well be-
analysis. In addition, the scatter in the difference betwe®  yond any errors expected from sample variance. Star forma-
stellar mass estimation techniques tends to overestithate t tjon rates are equally concerning, both at high redshifts an
scatter between any one technique and the true value by a facat low redshifts, especially in terms of specific star foriorat
tor of ~ /2. This factor is consistent with other independent rates. As a result, systematic errors are the single mostrimp
estimates obr, for example, by evaluating the posterior dis- tant aspect preventing better understanding of the foomati
tribution of allowed recovered stellar masses (Kajisawal.et  histories of massive galaxies. As discussed in §85.8, we have
2009; Conroy et al. 2009). Thus, both the actual evolution in provided new fitting formulas for galaxy star formation his-
the stellar mass of massive galaxies and the fraction of star tories, which should help reduce one of the largest sources
in mergers which reach the central galaxy may not be as largeof systematic error especially for low-mass and high-rétish
the values implied by the Moster et al. (2013) analysis. galaxies. New studies of stellar mass functions and star for
We note further that the amount of stellar mass that wasmation rates from deep multiwavelength surveys like CAN-
contained in disrupted galaxies can easily reach five timesDELS (Koekemoer et al. 2011; Grogin et al. 2011), analyzed
the amount of stellar mass in the central galaxy for high- with self-consistent star formation histories and assiongt
mass halos (Fig. 9), consistent with observations in Gonza-about systematic errors, will provide a large step forward i
lez et al. (2005). Regardless of uncertainties in detemgini  constraining the model presented here.
stellar masses, there is no possible way to funnel any signifi
cant fraction of this mass into the central galaxy withoutlipa 7. CONCLUSIONS
violating observed limits on the number density of massive We have presented a comprehensive analysis of average star
galaxies. Rather, stars from merging galaxies must end up information rates and histories in galaxies fram 0 toz= 8,
a more extended distribution to avoid confusion with the-cen and their connection to the underlying growth and merging
tral galaxy, a topic that will be explored in depth in a future of dark matter halos, along with a treatment of the inherent
paper (Behroozi et al., in prep). From the opposite perspec-uncertainties. Our approach provides a self-consisetungic
tive, galaxy stellar populations contain mostly stars fritwe of the growth of galaxies over this epoch in the cosmological
most-massive progenitor, with some contamination from ma- context of ACDM structure formation. The model is able to
jor mergers. Surveys of stars within a galaxy’s opticaluadi  match the evolution of cosmic star formation rates, specific
(such as for the Milky Way) thus capture a potentially lirdite  star formation rates, and the stellar mass function of galax
range of different star-forming environments, at leasstars ies over the last 13.2 billion years of cosmic time. Our main
formed sincez= 1. A wider range of environments can be findings are as follows:
sampled by considering the ICL and halo stars in general.

.. A . 2 i~
The most efficient halo mass for converting baryons into 1. Halos of mass- 10M., appear to be the most efficient
at forming stars at every epoch, with baryon conversion



20

efficiencies of 20-40% over nearly the entire redshift

range of this study. Halos at higher and lower masses
are less efficient by orders of magnitude, especially at
low redshifts.

. The baryon conversion efficiency of more massive ha-
los is still reasonably high (10-20%) untit 2- 3, after
which time it takes a steep downturn. This is consistent
with expectations of reduced cold mode accretion onto
the corresponding galaxies.

. We have characterized the fraction of stars in galax-
ies due to merging vs star formation. A&t> 1,
galaxy buildup in all but the most massive galaxies was
strongly dominated by star formation. At the present
day, the transition between merger-dominated buildup
(at high mass) and star formation-dominated buildup (at
low mass) occurs at roughly the mass of the Milky Way.

. We confirm previous results in support of most merging
galaxies’ stars being disrupted in the ICL for massive
halos. We find, however, that the fraction of merging

BEHROOZI ET AL

masses. The stellar mass to halo mass relation thus can-
not be fit with a double power law alone.

8. Systematic errors remain at high levels@.2-0.3 dex
in stellar masses, 05-0.3 dex in SFRs), and disagree-
ment between galaxy abundances for high-redshift sur-
veys > 3) is substantial.

. Galaxies with stellar masses below!®@. have the
least well-constrained properties in this study. This
could be improved by future surveys and by incorporat-
ing information on the star formation histories of local
galaxies.
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APPENDIX
A. IMPACT OF ASSUMING AVERAGE STAR FORMATION HISTORIES ON DERIED STAR FORMATION RATES

As mentioned in the introduction to 82, there is a potentiedrein our method because we propagate average star famati
histories for halos at a given mass and redshift, as opposedividual star formation histories. We discuss effectéf both a
distribution in star formation rates for galaxies at a gitxafo mass and from a distribution of halo mass accretiooiiést.

Bimodality has been observed in the star formation ratesatabges at fixed stellar mass, partially but not exclusivdgiyen
by quenched satellite galaxies (see, e.g., Wetzel et aR)20his may appear to be a problem for our method becauseathe r
of specific mass loss (see §2.3) will be different dependimglether a given galaxy is active or passive. Remarkablyekier,
our method is robust to any distribution of star formatiotesan galaxies of the same stellar mass. Because our metityd o
depends on thiotal stellar mass buildup in halos of a given magsat any given time, the fact that some galaxies get a larger
share of that buildup than others is not a concern. If cegalaxies sustain a higher growth rate for a long time, thers¢htter
in stellar mass at fixed halo mass will certainly increasayéwer, the possibility of scatter changing with time is afeefthat
we include explicitly in our model. Bimodality in star formian rates is only a problem if it results in a distributionsiéllar
massest fixed halo mass that cannot be reasonably modeled by edlagahdistribution (i.e., the distribution we assume irsthi
work). So far, no evidence has emerged for any other digtobto be preferred (see comments in §2.2.1 wijasedefined).

There is more possibility for error because we do not acctarntorrelations between the star formation history (SFht) a
the mass accretion history of a halo. For example, a rapictlyeting halo might have a more recent star formation hdtoain
other halos at the same mass. In this case, when it trarsitiom one mass bin to another, we may use the incorrect SFi.in E
B2. This effect is balanced by halos that accrete more slthvap other halos of the same mass, which cancels the efférdtto
order.

It is worth working through a more quantitative example toifyethis assertion. Consider a population of galaxies athw
the same stellar madd, = 10'°M, today. Assume that each galaxy has had a constant SSFR fattite lifetime (i.e., an
exponential growth history), and moreover that the distidn of the SSFRs is log-normal with width 0.3 dex (similarthat
seen in Salim et al. 2007) and mediartL9rt. The average (as opposed to median) star formation rat@ifopopulation is
12.7M, yrt; given the star formation histories just specified, thimstates into an average rate of change of stellar mass of
9.3 M, yr! over the next 100 Myr. If, on the other hand, we had simply essiithat all of the galaxies had star formation
histories corresponding to a constant SSFR of 8%, we would interpret a buildup in stellar mass of 813 yr~* as implying
an instantaneous star formation rate of 18.4 yr1, an error of 6%. Thus, we conclude that the errors on the geagaantities
considered here introduced by lumping together star faondtistories for halos with different mass accretion hist® are
strongly subdominant to existing observational uncetiesn

B. MERGING GALAXIES AND MASS ACCRETION

Because of passive stellar evolution, calculating the arhofistellar mass remaining in a galaxy (required for deteimg
the star formation rate in Eqg. 1), one must know the entirefstanation history. For a large simulation, keeping tra¢kie
individual stellar mass histories (covering hundredsroésteps) for millions of galaxies repeated over severdibmitealizations
of the stellar mass — halo mass relation is inefficient. bBustsince we are interested in only the average star formedie as a
function of mass, we take an elegant (although approxinsatecut.

Instead of keeping track of every halo/galaxy individuallee instead keep track of average star formation histotieseh

{form.

timestep in bins of halo mass (which is a rank-3 tenS6tH ,,"; t is the time nowtom is the timestep at which the stellar
mass was formed, and is the halo mass). For central halos, we use the virial masdigaussed in 84); for satellite halos, we
use the mass of the largest progenitor (the peak mass) iratblite’s mass accretion history. At every timestep, wiedate
the number of halos that transition between one mass bin aaither [, ), i.e., the number of halos that had a magsat
timestept and a massy, at timestefi + 1 (see Appendices G and H). Similarly, we calculate the miegges for subhalos at each
timestep as a function of the subhalo peak mass and the tergethalo masé\d{t“r’;h), as discussed in Appendix I. Keeping track
of star formation histories then becomes an exercise irotansitiplication, which is fast regardless of the numbehafos in
the simulation.

To convert Eq. 1 into a full tensor equation, we need a smatiiarhof additional notation. The stellar mass at a particula
timestept and halo mass becomesSM p, the star formation rate at a particular timestep and halssrhecomeSFR ,, and
the number counts at a given timestep for halos in a given riassecome$\; ,. In addition, we denote the difference in stellar
mass from the previous timestep &M . Thus, Eg. 1 formally becomes:

AS'\/Lmz SMﬁm_ Z SF "tt,fr?{m(l_clositatform = At, trorm))

trorm
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fseRM,t)ASM m
At(1-Cposdt, t = At,1))

SFRm=

tp
Cioss(thow: ta, th) = |tb _ta|_l floss(thow—X)dX, (B1)

a

whereCiosqthow, ta, In) IS the average stellar mass loss fraction (a.k.a., “réagtfraction) at the present time for stars that formed
at a constant rate frotg to t,. (Note that the indicesandm are not meant to be summed over).

To calculate star formation histories, we need to know baternal star formation and the amount of stars accreted igeng
As discussed in §2.4, purely definitional changes in whastitites the boundary between a galaxy and the ICL can &fédget
shift stellar mass from the ICL into the galaxy. Not knowihg trelative fraction of each, we assume that merging stelkss
from satellites takes priority over stellar mass from th&.l€or convenience, we defiréM ,, andICL; ,, be the total stellar

mass in merging satellites and the total stellar mass in #ia progenitors’ ICL, respectively; we also defiltﬁH_Httfr‘,’{“‘ to be the

star formation history of the ICL (analogously $&- I-ltf,%’m). The new star formation histories will then be the sum ofdlekestar
formation histories from all progenitors, with the additiof new stars formed at the latest timestep and material frergers
and the ICL:

SFHIXm= D | SFHi (T +CIR ™M) +ICLHTRCE| (Neacr) ™+ SFRpmil At (B2)
Mp

C[mrﬁrge: min (17 (1_ fSFR(mvt))ASNhAt,m) (B3)

’ SM m
1-f m7t AS + -S
9ol nax O,( sFrRM, 1)) ASMuatm=SM (B4)
’ |CL{_’m

SM,,m = Z SF HE%: M{?ﬁq(l —Ciosdt + At, trorm— At, tform))(NHAt,m)_l (B5)
Mp

|CL{,m = Z ICLHtt,frcr’;:TtTr?(l _Closit + Atatform - At,tform))(l\lHAt:m)_l- (B6)
Mp

(Again, the indicegz andm are not meant to be summed ovéﬁ’,‘”’“ is the standard identity tensoﬁ?‘”’“ =1ift =tsorm and

0 otherwise). Note that, in this present analysis, we do epasate the star formation histories of satellites andrakntAs

discussed in 85.8, satellites at high redshifts-(1) tend to have short infall timescales, so they have roughylar star

formation histories as centrals. At later times, this agjpnation is less valid; however, we can nonetheless cdyremtover the

average star formation history across all halos (centralssatellites) at a given halo mass, as discussed in Appéndix
Calculating the ICL formation history as well as the totaleamt of stars in the ICL is similar:

ICLHX = (SFH oy (1R OIMI + ICLH T TR (1 -G ) (M) ™ (87)
Mp
_ trorm
ICLim= _ICLH s (1~ Ciosdt, trorm = At, trorm))- (B8)
trorm

Note that the merging satellite ICL is not deposited intodhetral galaxy’s ICL, which is the same approach taken byr@on
et al. (2007) and Purcell et al. (2007). Because the ICL of gying satellite halo will get stripped long before the stargs
associated galaxy, the stripped satellite’s ICL will endrup much more extended, faint distribution than the ho§lls. |

This formal specification is equivalent to a discrete défaral equation for the stellar mass history. It is thus inigat to
properly specify the boundary conditions; that is, thelatehass history a@t= 0. In the absence of constraints on stellar mass
functions above ~ 9, we extrapolate the fit to the stellar mass — halo massaaltiz= 15 and assume a uniform star formation
rate prior to that redshift. While incorrect in detailzt 15, this choice has little effect on the star formationsaiehistories of
galaxies at later (and more visible) times.

C. CALCULATING OBSERVABLES

Given the large number of equations in our framework, it igrapriate to describe exactly how a point in the parametacep
of the cosmic stellar mass history (Egs. 3-5) and uncerésifEgs. 9-18) gets converted into quantities comparalgeilished
observations. The three observables in our case are stedlss functions, specific star formation rates, and the ostar
formation rate density. We deal with each in turn.

C.1. The Observed Stellar Mass Function

Equation 3 gives the median stellar mass as a function of inales for the entire redshift range we consider. If no scatter
between stellar mass and halo mass were present, the domvMeosn the halo mass function to the fiducial stellar massfion
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(¢+1ig) would be straightforward application of the chain rule:

_dN dN dlog,oM, \
~dlog;oM..  dlog;oMn(M.) \ dlog;oMp }
In other words, the stellar mass function is equal to the hadss function divided by the logarithmic derivative of Eq./s

discussed in Behroozi et al. (2010), this may be convolved thie scatter in observed stellar mass at fixed halo niR{gs(, ))
to give the true stellar mass function:

Pria(M.) (C1)

oo

drue(My) = ¢id(Ms + Am, )P(An, )dAp, . (C2)
_M>‘<

In our model, both the scatter in true stellar mass at fixed hass (Eq. 5) and the scatter in observed stellar mass at fixed
true stellar mass (Eq. 11) are log-normal distributionsided®(Ay, ) is a log-normal distribution with width equal to the sum in
quadrature of the widths of the two sources of scat{éd_?{+§2).

To convertfrom the true stellar mass function to the obsistellar mass function, we need to correct not only for olzernal
completeness (Eq. 13), but also for systematic biases im#wsured stellar masses (Egs. 9 and 10). This latter comest
made somewhat trickier by the fact that we only know the padsaction as a function of the measured stellar mass. Thee tr
passive fractionfpassiverue(M-) iS related to the observed passive fraction by:

fbtrue(M*,measlo_”) fpassive,true(M*,meas]-O_u)
fbtrue(M*,measlo_‘u) fpassivetrue(M*,meas]-O—”) + fbtrue(M*.meaé]-O—”_K)(l_ fpassivetrue(M*,measlo_‘u_'/”)) '

Inthe case that = 0, then this equation reducesft@ssiverue(M« measl 07) = fpassiveobs(Mx,meag. Otherwise, this equation becomes
arecurrence relation:

fpassiveobs(M« mead = (C3)

fpassivetrue(M*,meas]-O_H) — fbtrue(M*,measlo_“_N)
1- fpassivarue(M*ﬁmeasfl-o_“_N) ¢true(M*,meas1-0_“)

Solving this equation is possible, but using the result lisadvantages. Specifically, calculatifigssivarue cOuples the values of
ill-constrained regions of the stellar mass function tolwehstrained regions through this recurrence relatiome Values for
a—the faint-end slope of the SMHM relation—ardvill then be constrained by the MCMC algorithm attemptingnprove fits
to the well-constrained regions of the stellar mass fun¢tmd will lose their physical significance.

We therefore compromise by decoupling the true passiveidra¢rom the value ofk. We take fpassivarue(M« meast 0#) =
fassiveobs(M«,mead, the exact solution fok = 0. This results in a change to the definition«o$o that it no longer corresponds
to an exact offset for active galaxy stellar masses; howdvercorrelation betwees and the average offset implied for active
galaxies should still be high. With this approach, it isigtnéforward to calculate the measured stellar mass functio

fbmeas(M*.meaQ = fpassivetrue(M*,measlo_'u)fbtrue(M*.measlo_'u) + thrue(M*,measlo_#_n)(l - fpassivetrue(M*.measlo_u_ﬁ))- (CS)
Or, in terms of the observed passive fraction,

[(1 - fpassiveobs(M*.meaQ)_l - 1] . (C4)

Qbmea{M*,meaQ = fpassiveobs(M*,meagfbtrue(M*,measlo_#) + fbtrue(M*,meas]-O_H_K)(l - fpassiveobiM*,measlo_n))- (C6)
Then, to correct for observational completeness, we mulbip the appropriate factor:
®obs(M« mead = C(2) Pmead M meas- (C7)

Finally, as surveys usually return the stellar mass funatieer a range of redshifts (e.g, < z < ), we must perform one
last integration to determine the survey mass function:

fzzlz ¢0bS(M * .meanVc(Z)
Vc(Zz) —VC(Z]_)

fbsurve)(M*.meaQ = (C8)

whereV(2) is the comoving volume out to redshitt

C.2. Calculating the Observed Specific Star Formation Rates asghtic Star Formation Rate Density
Eq. B1 gives the average star formation rate for halos as@ifumof halo mass and redshift. Eq. 3 gives the median stella
mass for halos as a function of halo mass and redshift. Iggagatter, the fiducial SSFR is simply:
SFRMn(M.))
M. '
Scatter in the observed stellar mass at fixed halo massgeasuwontributions from lower- and higher-mass halos, wigdty

number density. If there is no correlation between stellassrand star formation rate beyond the correlation betwalemmass
and star formation rate, then the specific star formaticawnatuld be as follows:

SSFRy¢(M,) = (C9)

SSFRM,)nc = Mf%ﬁe(M*)/_M ¢1id(My + Am, )SFRMp(M, + An, ))P(Awm, )dAw, . (C10)
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However, with a nonzero covariang® petween SFR and stellar mass at fixed halo mass this equsaomended to become:

SSFRM.)rue= M ¢rrue(M.) / Gria(M. +Aw, J(SFRMn(M. + Ay, )) 10440 )P(A, )dAw.
-M.

/o M. +AM*
m. = 10810 <M* exp(05(¢In 10)2)) ' (C11)

The formula forA}, is necessary becaus&,(M.. + Ay, ) gives the halo mass at which theedianstellar mass i, + Ay, ;
however, the covariance between SFR and SMis calculatatiesto theaveragestellar mass at fixed halo mass. The exponentlal
in the denominator (exp(B(¢ In 10)%)) is exactly the ratio of the average value to the medianevafua log-normal distribution
with standard deviatiog.

There are restrictions on the plausible range of covarianedficientp. At low redshifts, a multiple regression analysis on
group catalogue data from the SDSS (Wetzel et al. 2012) stgtfeat, at fixed halo mass, the average star formationisate r
by 0.23 dex per 1 dex increase in stellar mass. At high redg(@fg.,z > 6), the covariance will be almost perfect (1 dex rise in
SFR per 1 dex rise in stellar mass) because of the short tima¢galaxies have had to form stars. Between these two tiines,
is reasonable to assume that the covariance increaseswitasing redshift, so we adopt the following formula t@ipblate
betweerz ~ 0 andz > 6:

p(a) = 1+ (4pos—3.23)a+(2.46—4pg5)a’. (C12)

This formula forp(a) givesp(0) = 1, p(1) = 0.23, andp(0.5) = po 5, Wherepg s is a free parameter in our analysis.
By comparison, the total (cosmic) star formation rate dgrisistraightforward to calculate; it is simply the sum of star
formation in all halos:

CSFRwe= / SFRMh)dI dN dloth (C13)

To calculate the measured quantities (as opposed to trudities), we adopt the same conversion between measuiét ste
mass and true stellar mass as for the stellar mass functimmeter, we do not impose additional corrections for actakaxgjes;
by definition, because recent star formation is more evighestich galaxies, it is somewhat easier to recover the stardtion
rate, as opposed to the overall stellar mass. Thereforenlyeapply a uniform systematic correction and do so in theesaay
as for stellar masses:

SFRneadMn) = SFRye10". (C14)

To calculateSSFRyeasandCSF Ryeas We would therefore replac®F Ryye With SFRyeasin EQs. C11 and C13. There is one more
complicating factor; namely the burstiness / dustinessgif-nedshift galaxies. To account for this, we add adddidactors to
calculate the observed SSFR and CSFR:

SSFRp(M,)=————SSF M.
CSFRbs=[1-(1-b)(1-c(2)ICSFRneas (C15)
D. THE USE OF DOUBLE POWER LAWS TO FIT THE STELLARMASS — HALO MASBELATION

A double power law has been used to fit the stellar mass (onlosity) to halo mass relation at least since Yang et al. (003
While using it is simple and convenient, the quantity andityuaf galaxy observations have improved dramaticallycsiits first
use. To test its continued usefulness, we have used abundwiching to extract the implied stellar mass — halo mas$H{€&M
relation from our low-redshift stellar mass functions (Mtakas et al. 2013; Baldry et al. 2008). To account for theqree
of scatter in observed stellar mass at fixed halo mass, we ostteod based on Richardson-Lucy deconvolution to exthet t
median stellar mass as a function of halo mass. We assumekirgahscatter of 0.2 dex.

The deconvolved SMHM relation is shown in Fig. 20. The figueendnstrates that a double power-law can approximate the
relation, but can be discrepant by up to 0.1 dex. Adding oneerparameter improves the fit substantially, to a mean offset
of less than 0.025 dex in our case. The discrepancies in théNEkélation translate directly to discrepancies in the assa
stellar mass function. This may be seen in the right-hanelpainFig. 20; the fits for the SMHM relations have been used to
populate the halo mass function and reconvolved with 0.2daiter to determine the resulting stellar mass functidrisle the
five-parameter fit that we use is largely within the error tedrthe observational data, the double power law fit givesltesat
are again discrepant by up to 0.1 dex erfdom the observed stellar mass function.

It is tempting to ignore this issue: after all, the size of $igetematic uncertainties in stellar mass is significatiger ¢-0.25
dex). However, if it is indeed the case that the deviatioomfthe power law are driven by systematic uncertainties gagt of
the value of the physical interpretation of the double pdaeris lost: the high-mass and low-mass slopes are now condaeal
by using the incorrect parametrization. In our five-paranét, the high-mass dependence and low-mass slope are $s@mhew
more insulated from unparametrized systematic errorsdrirdnsition region, leading to a more fair estimation ofhiigh- and
low-mass behavior of the SMHM relation.

Naturally, no fit will perfectly reproduce the original futien. Special caution is necessary when using a MCMC methaaiey
a parametrization to tightly-constrained data is acconguhby additional systematic or nuisance parameters. Bhietause
the MCMC method may try to recruit the additional parametersnprove the fit, rather than for their intended purpose. (i.
to cover the range of allowed uncertainties). As shown in By our chosen parametrization can reproduce the local ®MF
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used in this work. The double power law fit differs by up to Oek drom the observationally-derived relation. The effamighe stellar mass function are shown
in theright panel; namely, the fits shown in the left panel have been deedavith 0.2 dex scatter as well as with the halo mass funaimas to compare to the
original stellar mass functions. Again, differences of @ek are seen in the double power law case, which is well cutsfithe reported error bars.
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FIG. 21.—Left panel: the stellar mass to halo mass ratio inferred via daleendance matching of stellar mass functions (Table 33lwinass functions from
z=0toz= 8, with zero scatterRight panel: same, with deconvolution of 0.16 dex intrinsic ®rafin stellar mass at fixed halo mass) and@{3-0.04z) dex of
measurement scatter (in measured stellar mass at fixediétlee smass) applied. Note that deconvolution applied tieyndata (e.g., SMFs) amplifies the noise,
which is why features in the left panel appear smoother thaset in the right panel.

within 0.02 dex in the vast majority of cases. Hence, to awewvigrfitting bias, we reduce the magnitude of errors by 0.02ade
each data point before calculating th@value used with our MCMC method. At< 0.2, this has the impact of decoupling the
systematic uncertainty parameters from the detailed sbbfbee SMF; at higher redshifts, there is no effect, as théchisize
scale of the errors for observational data is already 021d€x.

E. THE REDSHIFT EVOLUTION OF THE STELLAR MASS — HALO MASS RELATON FROM ABUNDANCE MATCHING

As a check of the accuracy of our analysis pipeline, it isrirgtive to compare with a direct abundance matching apprdac
Fig. 21, we show results for both direct abundance matchéfpganel) and abundance matching including an assumedsict
(&) and measurement) scatter that match our assumed fiducial defaults. Notabigral features present in our main analysis
are evident in this simpler approach:

1. The SMHM relation for low-mass haloklf < 10*'M.) atz= 0 deviates from a power law.

2. The halo mass at which the integrated star formation ig effisient rises by 0.5 dex from 1M, atz=0to 10?*°M, at
z=2.

3. Abovez =2 it is difficult to locate the halo mass at which the peakdnated efficiency occurs because surveys at high
redshifts do not have sufficient volume to probe the expoaktatl of the stellar mass function (if one exists). If th&/U



Average Star Formation Histories Frafs0-8 27

TABLE 6
EMPIRICAL FIT TO COSMIC STAR FORMATION RATES

Publication  z A B C
ThisWork 1.243 -0.997 0.241 0.180
Hopkins & Beacom (2006) 0.840 -1.311 0.085 0.143

NoTE. — Fits according to Eq. F1 for the collected cosmic star fation rate data in Table 4 (“This Work”) and the data in Hogk#&aBeacom (2006), all
corrected to a Chabrier (2003) IMRote that these are fits to observational data, not fits to our bst-fit model. The quality of the fits may be seen in Fig. 2.
The constan€ has units oM, yr™t comoving Mpc?; all other constants are unitless. Systematic errors diraated in Table 7.

TABLE7
ERRORESTIMATES FOR THECOSMIC STAR FORMATION RATE

Redshift Range Inter-Publication  This Work - HB06

0.025-0.5 0.13 -0.08
0.5-0.9 0.13 -0.12
0.9-15 0.17 -0.07
17-3 0.19 -0.05
3-80 0.27 -0.33
NoOTE. — “Inter-publication” refers to the standard deviatiordiex between published data points (from references in Bbieredshift bins after correction

for the evolution of the cosmic star formation rate (Eq. Fig; error in the error estimate for each redshift bin is ofoi2b%. “This Work - HB0O6" refers to the
difference in dex between the best fit (Eg. F1) to data pomiEable 4 and the best fit to data points in Hopkins & Beacom §200er the same redshift bins;
this is a qualitative estimate of how much assumptions abalatilating the cosmic star formation rate have changedtbeepast decade.

luminosity function is any indication, however, the 8 results suggest that the peak may occur at lower massgs abo
z=2.

4. There appears to be a turnaround in the SMHM relationnea2. The integrated efficiency &, ~ 10*°M, halos falls
fromz=0toz=2, but then increases at higher redshifts.

At high redshifts, it is difficult to tell what, if any, evoligin there is in the shape of the SMHM relation. However, itlé&ac that
either the efficiency or the characteristic halo mass ssad@adlving. If we constrain the shape parameters in ourdifiimmula
for the SMHM relation &, §, and~) to thez= 0 values, we find that high redshifts strongly prefer a hadssscale that scales as
a power law with redshift, but have comparatively little iliepd evolution in the efficiency at high redshifts. For the@son, when
we extrapolate to high redshifts unconstrained by data imm@in analysisZ> 8.5), we assume that«, ¢, andy do not evolve
beyondz = 8.5, but that the characteristic halo m&éscontinues to evolve according to the redshift scaling weelslopted.

F. CALCULATING UNCERTAINTIES IN COSMIC AND SPECIFIC STAR FORMTION RATES
For cosmic star formation rates (SFRs), we selected papmrsthe astro-ph arXiv that

1. Were posted within the past 6 years (2006-2012).

2. Contained the word “cosmic” and either the word “SFR” @ #ords “star” and “formation” in the title or abstract.
3. Contained an estimate of the cosmic star formation rate fstbservations.

4. Were not superseded by later publications.

5. Contained a reference to the initial mass function (IM$gdi

We have in addition excluded constraints from long gamnyabtaist SFR estimates for this work (e.g., Kistler et al. 200&

feel that not enough data points are available at this timadependently calibrate the evolution of known systembiises
(e.g., higher GRB rates in low-luminosity galaxies) witliskift. The selected papers are summarized in Table 4. Hreset
we calculate the inter-publication variance in five redshifis with 16 data points each. To take into account varatibthe

cosmic SFR in bins, we subtract a double-power law fit to ttia gaints in Fig. 2:

C
10Az2) + 1Bz )’

whereA, B, C, andz, are constants given in Table 6; adding more parameters ditchake the quality of the fit substantially
better. Our results are given in Table 7; we find the averaggsyatic error to range from 0.13 dexzat 0 to 0.27 dex foz > 3.

For SSFRs we conducted a very similar literature searchischse, the selection criteria on astro-ph were papetrsvéra
posted within the past 6 years (2006-2012); contained threl Vigpecific” and either the word “SFR” or the words “star” and
“formation” in the title or abstract; contained an estimatdhe specific star formation rate as a function of stellassndéoth
as calculated from observations; were not superseded &ypablications; contained a reference to the initial masstion
(IMF) used; and did not limit themselves to a specific clasgalfxies (sub-mm, ULIRGs, satellites, star-forming oefy,.).
The selected papers are summarized in Table 5.

CSFR2) = (F1)
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Fic. 22.— Plots of the specific star formation rate data assemhiblthis study (see Table 5) for galaxies of stellar ma$®lA); (top) and 18°5M, (bottom).
Double power-law fits (Eq. F1) to the data sets are taken frabhel8. Error bars are not shown since authors often draaflgtimderestimate the true magnitude
of their systematic errors (see §3.3).

TABLE 8
EMPIRICAL FITS FORSPECIFICSTAR FORMATION RATES

Stellar Mass 2 A B C
10°Mg, 1.000*+ -1.028 -0.060 335x107°
1°5M;  1.000%* -0.993 -0.080 269x 107°
10°M, 1.000* -1.219 -0.023 .B73x107°
1005M,  1.000* -1.426 -0.083 129x 107°

NoTE. — Fits according to Eq. F1 for the collected specific stamfation rate data in Table 5, all corrected to a Chabrier (RO@B. The quality of the fits
may be seen in Fig. 2N ote that these are fits to observational data, not fits to our bst-fit model. Asterisks denote that the parameter in questighwas
consistent with 1.0 when allowed to vary; hence, all fits wemestrained to have) = 1 so as to allow better comparison between the evolutioheofémaining
fit parameters with stellar mass. The constfas units of y*; all other constants are unitless. Systematic errors diraasd in Table 9.

TABLE 9
ERRORESTIMATES FORSPECIFICSTAR FORMATION RATES

Redshift Range Mo 10°°M; 10°°M, 1019°Mg,

0.025-0.5 0.39 0.31 0.29
0.5-09 - 0.32 0.31 0.27
0.9-1.7 - 0.30 0.19 0.29

1.7-3 - - 0.24 0.35
3-8 0.22 0.22 0.21 0.31
Average 0.28

NOTE. — The standard deviation in dex between published datagpfimm references in Table 5) in redshift bins after cdroecfor the evolution of the
specific star formation rate (Eqg. F1). For reasons mentiamé&®3.3, the average does not include the estimates im th@— 8 redshift range. The error in the
error estimate for each bin is of order 45%,; the error on tleeage error is of order 12%. Errors are not estimated wher tre fewer than four references in a
given stellar mass and redshift range.

To estimate uncertainties, we interpolate data for eacligation’s tabulated redshift ranges to obtain (if possjtdstimates
of the SSFR at four stellar masses{100°°, 10'° and 16°°M.,). We divide the SSFR data into the same five redshift binsras fo
the cosmic SFR data and estimate the systematic errors fimmter-publication variance. To exclude the effects @l@ton in
the SSFR over a redshift bin, we again subtract a double-ptamefit (Eq. F1) with parameters determined separatelyefarh
stellar mass in Table 8; the quality of the fit is shown in Fig. & is worth remarking that Weinmann et al. (2011) conduct a
similar analysis of SSFRs M, = 10°°M,, and find a “plateau” at high redshifts; while the data are est with a plateau,
they are also consistent wittot having a plateau: indeed, any range of shallow slopes atrkighifts would be consistent with
the data collected here.

Our results for the inter-publication variance as a functid stellar mass and redshift are shown in Table 9. Becaulse on
UV surveys can probe low stellar masses at high redstafts ), the published SSFRs for low stellar masses at high ridshi
are more in agreement (0.22 dex scatter) than for low stellsses at low redshift (0.32 dex scatter)! This stronghgeats
that the inter-publication variance in these bins does&otasent the true systematic uncertainties. Excluding-redshift bins
(z> 3), there are no obvious systematic trends in the interipaifidn variance, either with redshift or stellar mass. ded, a
one-way analysis of variance (ANOVA) test delivers no sgyr@vidence that the inter-publication variances diffeioasrbins
(p=0.6). This conclusion is not affected by merging bins by statf@ss or by redshift, and the size of the effect is too small
to be measurable without adding more data. We adopt the fidonmidel of constant errors across stellar masses and fesgshi
where the error is determined by merging all redshift antiastenass bins except for the high-redshift bizs>(3) which are
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FiG. 23.—Left: A comparison between the Tinker et al. (2008) mass functihtevo simulations with different initial condition&: Zel'dovich Approx-
imation; 2LPT: second-order Lagrangian Perturbation Theory). Speltifidthe plot shows the ratio of the cumulative central halassifunction to 18-°M,
(®(10'15M,)) in the simulations to that for the Tinker MF. Small masgeledent corrections (Eq. G1) were made to renormalize the@do mass function to
match the Tinker MF at = 0, but no such corrections were necessary for Bolshoi. TileeT MF, which was calibrated using ZA simulations, agnessarkably
well with Bolshoi over a wide range of redshifts; howeverisinoticeably different from the Consuelo simulation for 3. As several authors (Crocce et al.
2006; Jenkins 2010) have shown improved convergence foll 2i@r ZA initial conditions, we use the 2LPT normalizatios the basis for our corrective fit
(Eq. G2).Right: the mass-dependence of the correction to the Tinker cuiveilatass function from the Consuelo simulation. Solid lisesw direct results

from the simulation; dashed lines show the fit in Eq. G3. Theddshed line shows the fit in Eq. G3 extrapolated dowi(00'°M,).

known underestimates, we would estimate the average sgsteenror in SSFRs to be 0.28 dex.

Finally, we mention a commonly-overlooked systematic emooptical SFRs, which comes from the bias introduced by
separately fitting the dust model for each galaxy. As the thadel for each galaxy can never be derived exactly, indalidu
galaxy SFRs will have some scatter relative to the true gakBRs. One way to estimate the shape of this scatter is to@@mp
two different SFR estimates with different assumptionsgbcample, Salim et al. (2007) finds log-normal scatter cziasi with
intrinsic scatter of 0.3 dex. In calibrating one estimatoahother (or to observations), authors typically make gatthemedian
offsets are zero; however, they often fail to notice thatekgected meaoffset is nonzero because the log-normal distribution is
skewed in linear space. Specifically, a log-normal distidsuwith median value 1 and scatter(in dex) has an expected mean
value of

(x) = exp(Q5(c In10¥). (F2)

For a log-normal distribution with 0.3 dex scatter, thisresponds to an overall bias of +0.1 dex. This correction dogspply
to UV studies that apply a median dust correction to all gekwr to those that already correct for this bias.

G. CORRECTIONS TO AND UNCERTAINTIESIN THE TINKER MASS FUNCTI®

The halo mass function for distinct halos presented by Tiekal. (2008) was calibrated for a wide array of simulatifrom
z=0toz=25. The present work requires a mass function from0 to z > 8 including satellite halos, so some additional
corrections must be made. In addition, as new studies (Rk&dial. 2012) suggest that abundance matching to halo pirepe
at their peak value before stripping offers a better match=d® clustering data, calibration for the quantities of ietrusing
Mpeak Must also be applied.

To test the high-redshift calibration of the mass functioTinker et al. (2008), we integrate the mass function in timous
lations (Bolshoi and Consuelo) to #3M, and compare to the Tinker mass function for the appropriasenology. A mass-
dependent correction is necessary to normalizeth® mass function for Consuelo to the Tinker mass functiorctmant for
slightincompleteness in the Consuelo mass function atetéd:

¢Consuelc{M) _ . M -0.69
log,o (m) =-0.0008 0.042<7101151M®) (G1)

The net effect of this correction of(10'°M.,) is an increase of 0.03 dex (7%) compared to the raw simulatsult for
Consuelo. No correction is necessary for the Bolshoi sitraiaAs shown in Fig. 23, the redshift fit given in Tinker et @008)
matches Bolshoi to within 0.02 dex up to a redshift of 5-6. ld@er, Consuelo diverges from the Tinker mass function bg 0.0
dex (15%) already at = 3. This discrepancy is due to the different initial conatis calculations used in the two simulations:
Consuelo uses second-order Lagrangian Perturbation Y{2bPT), whereas Bolshoi and the Tinker MF use the Zel'dbvic
approximation (1LPT). The Zel'dovich approximation hagbereviously found to underestimate the early nonlineajgse

of overdense regions (Crocce et al. 2006; Jenkins 2010ghwkireconfirmed by the comparison in Fig. 23. For that reasen
prefer to use the correction from Consuelo, parametrizédisvs:

| < Pirye(10MM ) > 0.144
10

Briker(105M,)) ) ~ 1+exp[1479@-0.213)] (©2)

As shown in Fig. 23, this fit matches the correction from theg&lmlo simulation to within 1%. However, as also shown in Fig
23, there is a slight mass dependence to the correction; dlgaitnde of the correction is larger for more massive hassheir
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FiG. 24.— Best fits to the evolution of the satellite fractiongi$EG7-G10) in Bolshoi for satellite accretion masses flaftel) and satellite peak masses (right
panel), according to the simplified model of Eq. G6. The aaldmes correspond to the fitted satellite fractions; tlaekdashed lines correspond to the satellite
fractions in Bolshoi.

nonlinear collapse begins earlier. We parametrize the aesndence as follows:

0.5

@true(M) > < (I)true(loll'SM@) ) ( M >1+exp(653)
lo —= 7 ) =]o . o3
o <(I)Ti“ker(M) %o PTinker(10M°Mg) 10'15M, (G3)

This function is well-behaved, even when extrapolated dmaow masses, as shown in Fig. 23.

Parametrizing the corrections as we have done introdugesadeincertainties. The use of only a single simulatioreiibcate
the mass function introduces sample variance uncertajritig these are in fact small for a box as large as ConsueN§ie
h™1); at low redshifts, the median offset from the Tinker maswfion is 0.2% (see Eqg. G1), and even at redshift 6, the Poisso
and sample variance errors combined are on the order of 18at{® Stiavelli 2008) for®(10*+°M,). Much larger uncertainties
come from the use of a mass-dependent incompletenesstiomrerthe Consuelo mass function, because uncertaimtiggs
correction are degenerate with the mass dependence of thmalimation correction in Eq. G3. If the incompletenessection
needed to be larger at high redshift, the evidence for thes+tdapendence in the normalization correction would wealéncan
take this as an estimate of the additional systematic uaiogigs on the high-redshift mass function. In terms of thpact on the
halos in which high-redshift galaxiez£ 7—8) are expected to reside, the number density of such objectisl be underestimated
by at most 0.05 dex (12%), according to Fig. 23, if there werenass-dependence in the normalization correction. Thisyis
in comparison to the uncertainties in the stellar massestmndormation rates at high redshift. Indeed, even if tla uaiverse
corresponded exactly to the Tinker mass function, the ttalr introduced by using the corrections in this sectiaf (&x, or
26%) would again be dwarfed by uncertainties in measuritaxgastellar content.

In terms of the satellite fraction, we determine fits usingnapde, physically-motivated model. It is an oft-observedture
of dark matter substructure that the number of satelliteat a given mass scales approximately with the mass of tte-ho
the number density of satellites in hosts of miksis proportional toMc¢¢(M¢), wheregp:(M) is the mass function for central
halos. Another feature of dark matter substructure is timhumber of satellites at a given satellite-to-host mass isalargely
self-similar across host halo masses; this requires tiegtribportionality must scale inversely with the satellitass. Therefore,
we can write down a simple formula for the satellite mass fiong ¢s:

oo
o)~ S [ MesMadlogom (G4)
where the proportionality factog(a), is a function of scale factor only. The low-mass limit ostfunction takes on an especially
appealing form; ag.(Mc) ~ ¢oM:* for M, is less than the exponential cutoff scaVyor, We find:

os(M) - QMQI) fr\’/\l/lcumﬁ ¢odl0g;oMc

5elM) PRV (©9)
which can be simplified to
S M MCU (0]
e~ Cl@logy M@ (6)

Thus, the satellite fraction grows only logarithmicallytire low-mass limit.

However, the picture in Eq. G4 is not entirely complete; heseathey have later assembly times, massive clusters alee mor
likely to be undergoing major mergers than smaller halosvéier, these major mergers also become absorbed moreyjaskl
the effects of dynamical friction are more pronounced insiashalos. These two (opposite) effects combine to givaallisa
fraction slightly larger at the high-mass end than Eq. G4ld:puedict; moreover, this excess evolves nontriviallyhwigdshift.

For that reason, we use the slightly more flexible form of Ef.aBd allow great freedom in the parametrization for Hoh)
and Mcutoﬁ(a) .
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F1G. 25.— Fits to median mass accretion histories;i{Mor central halos in Bolshoi, MultiDark, and Consuelo slations. Common functional forms for the
mass accretion rates, such as the exponential fit of Weabtsédbr(2002) or the exponential plus power-law fit of McBriteal. (2009) fail to accurately capture
mass accretion histories beyond 2. Moreover, at high redshifts, these common functionahfimply unphysical behavior—i.e., that progenitors o>\,
halos are on average less massive than progenitors'8L0 halos (see text), which is not at all the case. Téfepanel shows mass accretion histories for
101315 t0 10'349M, halos in Bolshoi and Consuelo, along with residuals (lirseale). Bolshoi and Consuelo have different cosmologiei,is expected that
the mass accretion rates of halos differ slightly. Figt panel shows progenitor mass ratios (compared to progenifd0-3M, halos) for halos of mass b
to 10'°M, atz= 0 for the Bolshoi, MultiDark, and Consuelo simulationsyraj with residuals. In all cases, our fits to the mass acerétistories of halos for
the| BoIfshoLc?smoIogy are accurate to 5% on average; theexelyption is for the highest mass bins in the Bolshoi and @elnssimulations, which contains
only a few halos.

Fitting the satellite fraction to a simulation is made esplgctricky by the fact that simulations are incomplete &atellites
at higher masses than for central halos, even before sejesatellites 0MpeakOr Mace For that reason, Consuelo is unsuitable
for determining the fraction of all but the most massive Kitge (M ~ 10'*M,), which provides an especially poor handle on
constraining the redshift evolution of the fit. Bolshoi fakeetter, being complete for satellites down td'M).; yet, given its use
of ZA initial conditions, it may not seem especially suitalibr high-redshift calibration, either!

Yet, there are two arguments in its favor. First, the sageffiaction is low at high redshift, so even large relatives in the
satellite fraction will translate into small errors on theeaall mass fraction. Second, the influence of the initiaditions on the
satellite fraction are largely through the effects of adslgrbias; however, recent work has shown that satellitengsls (when
tallied above a fixed cut in accretion or peak mass) is almosbirelated with formation time (Wu et al., in prep.). Thepmet
of the initial conditions on the satellite fraction is thugnor compared to the effect of the mass function normalirati

Therefore, using the Bolshoi simulation, we fit the sateliiaction fromz =0 toz= 10; when satellite masses are determined
by Mgco, We find:

log10(C(a)) =—2.69+ 11.68a—28.88a°+29.33a° - 10.56a* @7
10g;o(Meutoft(@)) = 11.34+8.34a—0.36a%-5.08a> +0.75a* (G8)
and find the following parametrization for the satellitectian when satellite masses are determine®/hyax
log,o(C(a)) =-1.91+6.23a~ 15.07a2 + 15.02a° ~ 5.29%* (©9)
109, o(Mcutoi(@)) = 10.66+ 15.93a—21.3%2+ 18.20a° - 8.21a* (G10)

Both of these fits in comparison to satellite fractions indwli are shown in Fig. 24; they are accurate to within thereggd
uncertainties in the mass function (5%, Tinker et al. 2008).

H. HALO MASS ACCRETION RATES

The most commonly used fitting formula for halo mass accnetates is that proposed by Wechsler et al. (2002), which
suggests that halo mass growth is an exponential functieadshift (M(2) o« exp(-c2). As simulations improved, deviations
from this simple formula were found, which led authors topgmse more complicated formulas; e §l(2) «x (1+2)°expEc2)
in McBride et al. (2009). However, little attention has begwen to the high-redshift behavior of these formulas, with
predictablg result that they fail to accurately capture isnr@dhass accretion histories for halos as recently-a8 (see Fig. 25,
left panel):

6 Note that, forindividual halos, as opposed to ensemble medians or averages, theddeBral. (2009) formula provides a reasonable fit: high preciis
not as necessary for cases when individual stochasticityeirger events results in higher deviations than those shothe bottom-left panel of Fig. 25.
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FiG. 26.— The rate of subhalo disruption in host halos in the Bailsimulation with mass and redshift dependenci@®/, z)) scaled out. Results are presented
in terms of the number of subhalos disrupted per host halupieredshift per log interval in satellite mass ratio. Thiblsalo merger mass ratié)(in these
plots is the ratio of the subhalo peak mass (i.e., the highess any progenitor of the subhalo ever had) to the host ha$s.nThdeft panel shows the scaled
subhalo disruption rate at~ O over a range of host halo masses, demonstrating excebbemeigence. The red dashed line in the left panel repreteats
average of scaled subhalo disruption rates as a functionbtfado mass ratié, excluding halos for which subhalos of the given mass ratald/be below the
mass resolution limit of the simulation (1 ). Theright panel shows the mass-averaged scaled subhalo disruptoasra function of redshift, as well as the
fit we adopt in this work. The fit shows excellent conformanzéhe simulation data, except for very low subhalo masssatidiere stochasticity in evaluating
halo masses at low particle numbers artificially inflateskgeo masses (see text).

This limitation a problem for this study. To motivate our a®of improved fitting formulas, we note an issue wathproposed
fitting formulas to date, which is their exponential depamgeat high redshifts. That is to say, the mass ratio of twodid}
andM; will asymptote to

Mi@) _ Mi(0)
Mz(2) ~ M2(0)

This is problematic because more massive halos usuallystaeper exponential dependencies (Ma. < M, impliesc; < ¢).

If M1(z=0) < My(z=0), these formulas then predict that eventually the prigehistories will cross an1(2) > M»(2). Using
the McBride et al. (2009) formula, for example, with the MDHrk simulation, we find that it predicts the progenitord 61°M,
halos to be less massive than the progenitors &f 81, halos as early as=5. However, this is not the case: in simulations,
the hierarchy of average or median progenitor masses istama@a, even though the distance between them may decsssse (
for example, the right panel of Fig. 25).

We therefore parametrize the mass accretion history of glesimalo mass, and then parametrize tagos of progenitor
masses for other halo masses, which entirely avoids thdgimodf crossing progenitor mass histories. The mass bin wessh
(10'315-10%34%M,,) is well-resolved in all three dark matter simulations at disposal, and sufficient statistics are available
even in the smallest simulation (Bolshoi) to be able to recsaatter to an acceptable level. Our resulting fit is:

exp(z2-c1)2) (H1)

M(Mo, 2) = M13(2)10fMe:2 (H2)
Maa(2) = 10832761 +2)390(1 + g)"s'“exp(—O.SO&)M@ (H3)
_ Mo 9(Mo, 1)
f(M07Z)_|OglO (Ml?:(o)) g(MO7 %‘_Z) (H4)
g(Mg,a) =1+exp(4.651@—ag(Mo)) (H5)
ap(Mp) =0.205-10 % 0.18
0)=0. Gi0 Mo +1 (H6)

whereM(My, 2) gives the median virial mass (Bryan & Norman 1998) for prages of halos with maskly atz= 0. Despite its
complexity, this seven-parameter fit (three parametertia(z), one parameter fag(Mo, @), and three parameters fag(Mo))
provides an excellent fit to mass accretion histories fordewange of halo masses and redshifts, as shown in Fig. 25.

|. SUBHALO MERGER/DISRUPTION RATES

Halo mergers are important for our study because they imgha&ctate at which stellar mass is transfered from low-mass
galaxies to high-mass galaxies as well as the rate at which ate ejected into the intracluster light (ICL). Whileréhéave
been many studies of the rate at which halos become sublsalesd.g., Fakhouri et al. 2010) in dark matter simulatitrese
studies are less relevant to our work because it is expetsedatellite galaxies should last at least as long as thesqwonding
subhalo that hosts them (e.g. Yang et al. 2012; Reddick &0dl2). Studying the subhalo destruction rate is more difficu
because of issues with halo finding completeness when sabpass close to the centers of their hosts (Behroozi et AR(20),
and relatively few authors have attempted to correct farigsue in their work (c.f., Wetzel & White 2010).
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However, with the advantage of a phase-space halo finder amgtger tree algorithm that corrects for such inconsistsci
we are in a unique position to provide a calibration of thegaerate (odisruptionrate) of subhalos into host halos all the way
back to the earliest redshifts in simulations. We find thatftmctional form proposed in Fakhouri et al. (2010) is anedirat
fit to the subhalo disruption rate; however, the parametiregsand redshift evolution are different due to the différmaerger
definition, cosmology, and mass definition used.

Letting My, be the mass of the host halo afibe the ratio of subhalo peak mass to host mass, we find thatsheption rate
(expressed in terms of the decrement in number of subhatasnitehost halo per unit redshift per log interval in subhalass
ratio) is:

d2N

~zdoge M2 =AM, (14297007 expl(M, ) (1)
0.03+0.05a
{8 ()
b(M 9)=[101~929< M )0&19]0-2586 ’
) 1012M®

If 0 is instead the ratio of subhalo accretion mass to host hagsmee find instead a slightly simpler dependence:

0.25 In(a) M 0.052+0.072a 4
1+a 1012M., (14)

bacM, 6) = [1630%%9] % ;

We show the quality of the fits for the peak subhalo mass inZ8g For ease of comparing simulation data to the fit, we have
scaled out host mass and redshift dependencies accordimgstd1-13, so that all plotted lines are directly compaeaibol the
subhalo disruption rate favl = 10°M, atz=0.

Fig. 26 shows that scaling in both mass and redshift of thbaoldisruption rate has been successfully captured inlE43.

The remaining deviations are due to Poisson noise in theptisin rates for halo masses where Bolshoi has few halos¢esly

in the highest mass bin) and stochasticity in halo mass astns for low-mass halos. Specifically, as the peak madsiegthe
highest mass ever recorded in a halo’s mass accretionyjigteater variance in the halo mass estimator translatgificially

increased peak masses for low-mass halos. This manifeatsliaght upturn in the subhalo disruption rate close to tHe hass
resolution limit of the simulation.

AaCO(M,a)=O.0139(1+

J. FITSTO STAR FORMATION RATES AND HISTORIES UNDER DIFFERENT®IDELING CONSTRAINTS
We consider four models with alternate sets of assumptmtiest main analysis in this paper:

1. A model (“No Systematics”) that excludes all nuisanceap@aters related to errors in converting luminosities irédlar
masses (i.ey = k = 0, nca = 00) and to incompletenesé € 0).

2. A model (“Noz > 6 Constraints”) that excludes all data constraints at hegshift ¢ > 6), including data in Bouwens
et al. (2011); Bradley et al. (2012); Schaerer & de Barrod(@0McLure et al. (2011), and the data points abbwes in
Bouwens et al. (2012).

3. Amodel (“No CSFR Constraints”) that excludes all coristisafrom observed cosmic star formation rates.

4. A model (“No SFR Constraints”) that excludes all constimfrom observed star formation rates (both CSFRs and SSFRs
as well as excluding all systematic nuisance parametersths ffirst alternate model (“No Systematics”).

Comparisons with observed data are presented in Fig. 27ed3® of comparison across mass ranges, we show comparisons
between derived baryon conversion efficiencies and stelkss histories for the main model in this paper and the atern
models in Figs. 28 and 29.

First, it may be verified that the model including no systeasasucceeds remarkably well in matching all three kinds of
observations; while it is potentially somewhat high at ledshifts for the CSFR, this is not unexpected on accountsokes
with the galaxy / ICL definition (82.4). The No Systematicsdabhas much tighter error bars on the stellar mass to hals mas
ratios (not shown) than the full model at all redshifts, whsztiggests that systematics remain the single largestesofisrrors
in determining stellar masses. Fig. 28 is comparable toFHgr the No Systematics model, except that at high redsiftslow
halo masses, there is an upturn in the SFR that is not prestrd full model.

The model excluding > 6 data gives almost identical results as the full modekfar6, which is encouraging. The “predic-
tions” for high-redshift stellar mass functions are somatbwer than in the best-fitting model, which results in an@igSFR
(i.e., rate of stellar mass growth) over the period from7 toz ~ 6.

The model excluding all cosmic star formation constraiateemarkably similar to the full model in our analysis. Thisas
expected: the specific star formation rate in combinatich thie stellar mass function gives a constraint on the tatedunt of
star formation. Yet, the CSFR data has tighter error barstira SSFR in combination with the SMF, at leastZer 1 (see 8§83.2
and 3.3), so it provides slightly better constraints at ¢hesishifts.
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FiG. 27.— Comparisons to observational data for the best fitdtefrmte models.Top left: comparisons to observed stellar mass functions for theeinod
without systematic uncertainties (i.e.,= 0, k = 0, 1¢ca1 = 00, NO incompleteness)Top right: comparisons to stellar mass functions for a model exctydih
constraints at > 6 (i.e., fromBouwens et al. (2011); Bradley et al. (2012)u#ens et al. (2012); Schaerer & de Barros (2010); McLure.gR8all1)). Middle
left: comparisons to observations of the cosmic star formatida for the two models already mentioned, along with a mdu éxcludes all cosmic star
formation rate constraints (“No CSFR”; using SSFRs only)d a model that excludes all star formation rate constraints systematic effects (“No SFR”).
Middle-right andbottom panels: comparisons with observed SSFRs for all five models.

Excluding all star formation rate data results in a good fihn®CSFR at high redshifts, where growth in stellar massislra
i.e., where stellar mass functions at successive redshigtsignificantly different even despite large errors. Atdoredshifts,
the predicted cosmic star formation rate for the best-fjttmodel is discrepant from observations. At these redstiifesgrowth
in stellar mass is poorly constrained because the intrgisitar mass functions are changing comparatively liggpecially from
z=0.5toz=0. A small difference in the choice of stellar mass functeolution at low redshifts therefore has a much larger
impact on the relative error in star formation rates. Thithoagh the stellar mass to halo mass ratios are similared\it
Systematics model (and the abundance matching model inr&lp&), the star formation rates derived using this model ar

unreliable.
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FiG. 28.— Derived baryon conversion efficiencies and stellassriastories for three alternate models (excluding allesystic uncertainties, excluding
constraints at > 6, and excluding constraints from cosmic star formatioaggtthe shaded bands show the one-sigma distributionstfremain model in this
paper, and the solid lines show results from the alternatgetso
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FiG. 29.— Derived baryon conversion efficiencies and stellassinistories for one alternate model (excluding all systenvacertainties and constraints from
star formation rates); the shaded bands show the one-sigtndations from the main model in this paper, and the shifids show results from the alternate

model.



