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ABSTRACT

Recent studies emphasize that an empirical relation bettheestellar mass of galaxies and
the mass of their host dark matter subhaloes can predictltiséedng of galaxies and its
evolution with cosmic time. In this paper we study the vasi@ssumptions made by this
methodology using a semi-analytical model (SAM). To thid,eme randomly swap between
the locations of model galaxies within a narrow range of slitmass §/i,¢.11). We find that
shuffled samples of galaxies have different auto-corldtinctions in comparison with the
original model galaxies. This difference is significanteifecentral and satellite galaxies are
allowed to follow a different relation betweéw;, ;.;; and stellar mass, and can reach a factor
of ~ 2 for massive galaxies at redshift zero. We analyze threaifeatwithin SAMs that
contribute to this effect: a) The relation between stellassand subhalo mass evolves with
redshift for central galaxies, affecting satellite gaés<at the time of infall. b) In addition, the
stellar mass of galaxies falling into groups and clustetsigt redshift is different from the
mass of central galaxies at the same time. ¢) The stellar gnassh for satellite galaxies after
infall can be significant and depends on the infall redshidt the group mass. All of the above
ingredients modify the stellar mass of satellite galaxies iway that is more complicated
than a dependence on the subhalo mass only. By using twoediffSAMs, we show that
the above is true for differing models of galaxy evolutionddhat the effect is sensitive to
the treatment of dynamical friction and stripping of gasatediite galaxies. We find that by
using theroF group mass at redshift zero in additionf),,¢.;;, an empirical model is able to
accurately reproduce the clustering properties of gataxdm the other hand, using the infall
redshift as a second parameter does not yield as good rbsulisise it is less correlated with
stellar mass. Our analysis indicates that environmentalgsses that affect galaxy evolution
are important for properly modeling the clustering and alaunte of galaxies.
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1 INTRODUCTION

The current paradigm for the formation of structure in thevigrse
predicts that galaxies form and evolve inside of dark méitdoes.
This working assumption makes the relation between thegptiejs
of galaxies and their host haloes a fundamental probe f@usas-
pects of galaxy formation and cosmology. Galaxy propegigsh
as stellar mass, star formation rate, color, and clusteniagll inti-
mately linked to the host halo mass. Consequently, there besn
many recent attempts to quantify the relation between tresrof
galaxies and their host halo mass (hereafter the ‘massor@)at
Observational constraints on the mass relation were derive

by weak lensing (e.d. Mandelbaum etlal. 2006), satelliteadyn
ics (e.g?) and large group catalogs ofxgeda
(Yang et all 2009). All these are able to provide constraimntshe
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stellar-halo mass relation for0'? — 104 M, haloes. At lower
halo masses there are currently no useful direct obsenatamn-
straints. Nonetheless, the abundance of low mass haloepd-
tant for constraining the nature of dark matter (see, e.deBa al.
20017 Maccio & Fontanat 20110).

From the theoretical perspective, there are two main ap-
proaches for studying the relationship between stellar lzald
masses. A straightforward way is to use existing models =inea
the mass relation as a secondary result. This approach wasnde
strated using hydrodynamical simulations (),
and semi-analytical models (Wang ellal. 2006; Moster letGal0P
These two methodologies result in very different mass icriat
hydrodynamical simulations predict higher stellar massfgiven
halo mass, especially for low mass haloes. It is not clearthene
the origin of this discrepancy is the different set of asstiomg
adopted by each model; the different observational dataiwdie
used to constrain the models; or some specific physical digmes.
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A different approach is to use the stellar-halo mass rela®
the main assumption, and to verify it against a variety ofeobs-
tions. This approach is more useful for a systematic arsmbfshe
mass relation, and for carefully testing the necessaryeitignts
needed to explain it. The halo occupation distribution (H®Rs
historically the first approach to follow this line of thougfsee
[Berlind & Weinberl 2002 Tinker et Al. 2005: Zehavi etlal. 200

and references therein). It assigns per each halo a spaaific

the role of Mintan1 in shaping the stellar mass of galaxies and their
correlation function. The effect we find is an order of magdé
larger than the one found EOO?) at least ifgin h
mass galaxies. This is because Croton et al. (2007) test@i2 H
model, and not ABM, which means that they shuffle galaxies be-
tweenFOF groups and not between subhaloes.

One of the targets of this paper is to suggest possible irgred
ents for more detailed ABM studies. We would like to find which

ber of galaxies of a given type. By tuning the parameters of the ingredients might contribute to the clustering of galaxiesle-

number and location distributions, these models are ahiepio-
duce the abundance and clustering properties of galaxies, The
mass relation can be constrained using a relatively singtlefss-
sumptions, and the halo mass is a sufficient parameter fogftkie
stellar mass of its galaxies.

pendent of the specific model chosen here. This will allowreit
ABM studies to fully explore the parameter space. For th& re
son, we use models that span a large range of possible physica
recipes. The two basic SAMs we use in the work are taken from

INeistein & Weinmarin[(2010), which discusses six differgme-s

Various studies have shown that the HOD approach can cific models spanning a large range of galaxy formation stesa

be simplified even more using information on the substruc-

ture within haloes, i.e., theubhalomass [(Kravtsov et al. 2004;

Vale & Ostriker | 2004 Conroy et al. 2006: Shankar etlal. 2006;

\Guo et all 20104; Moster etlal. 2010). In this approach, eabh s

This paper is organized as follows. In sectidn 2 we describe
the two different methodologies used in this work, namelyMsB
and SAMs. The shuffling test, which reveals deviations betwe
ABMs and SAMSs, is discussed iff8. Sectio# is devoted to a

halo can host only one galaxy. The galaxy mass is linked to the more systematic analysis of the various differences bettre=two

subhalo mass at the last time the subhalo was central within i
FOF group (hereafteMV;,r.11). The specific relation between stel-
lar mass andV/ins.1 is then fixed by matching the abundance of
galaxies andV/ina11- This method is therefore termed ‘abundance
matching’ (ABM). Using subhalo samples from large cosmelog

methodologies. In sectidn 5 we then suggest an extensioB kdsA
that is able to reproduce the results of SAMs. Lastly, we sanma
the results and discuss them in secfibn 6.

This paper is based on the cosmological model with
(Q2m, Qa, h, 08) = (0.25, 0.75, 0.73, 0.9), which is the model

ical N-body simulations, ABMs are able to reproduce the auto- adopted by the Millennium simulation used helMﬂert

correlation function of galaxies surprisingly well. The imdiffer-

2005). Mass units ar&/, unless otherwise noted; Log designates

ence between the HOD and the ABM approach is thus that HOD Log;o.

uses thecOF mass for determining stellar masses, while the ABM
approach uses the subhalo mass, which is limited to cotiitm
from smaller scales of dark matter.

By fixing the stellar mass according f@;,¢.n only, ABMs
assume various simplifications to the statistics of galaxsnftion.
First, they neglect the redshift where the galaxy becamésdlita
This redshift should affect the stellar mass because the nedes-
tion evolves with redshift. Second, the stellar mass galyeshtel-
lite galaxies after infall is assumed to be independent osteting.
Third, ABMs do not allow a galaxy’s large-scale environmémnt
modify its stellar masO?). However, itnss¢hat
these ingredients do not force the models to violate thealing
properties of galaxies. It is not clear if this is due to the kensi-
tivity of the auto-correlation function to these assumipsioor be-
cause multiple effects conspire to cancel each other ane kba
auto-correlation function unchanged.

In this paper we will test the ABM assumptions using detailed
semi-analytical models (hereafter SAMs). We will test wiegtthe
stellar mass function and clustering of galaxies in the SAlBfsend
only on Miu¢an. It will be shown that SAMs do not follow the above
assumptions made by ABMs. The different set of assumptiead u
by SAMs affects the auto correlation functions of the moddhg-
ies. The success of ABMs is thus posing important questions o
the processes which govern galaxy formation. Is it posshiaethe
simple ABM approach mimic the observed clustering bettanth
the more sophisticated models? Or is it a pure coincideratetie
simple model works better?

In order to compare ABMs to SAMs we will use the technique
of shuffling between the location of model galaxies. Thishodt
was introduced bmm), as a tool to quantify t
effect of large-scale environment on the stellar mass abges.
These authors found that environment of the hesE halo can
contribute up to~ 10 per cent variation in the correlation func-
tion of galaxies. Here we adopt a similar technique in orddest

2 METHODOLOGIES
2.1 Abundance matching

Abundance matching models (ABMs) link the stellar mass of a
galaxy to its host subhalo mass using a simple and empirical
methodology. The ingredients of the models can be sumnehrize
as follows:

(i) Subhalo selection and mass definition: here we choosetwhi
subhaloes are allowed to host galaxies, and how their maiss is
fined. As a result, the abundance of subhaloes and theiridosat
are set.

(i) Assume a one-to-one relation between the subhalo nrass a
the stellar mass of its galaxyistar — Mintan. MOre complex mod-
els allow scatter, or use different relations for satebibtel central
galaxies.

(iii) Solve for themstar — Mingan relation, in order to reproduce
the observed stellar mass function.

For simplicity, we discuss ABMs which are aimed at producing
a population of galaxies @ = 0 only. Such models are usually
tested against the auto-correlation function of galaxtes & 0
(see§2.2.4 below). For a detailed review of ABMs and the various
uncertainties involved see Behroozi et al. (2010). In taigion we
further explain the various ingredients of ABMs and spetifg
actual model assumed here.

We first define the subhalo mas¥;,.¢.11, which will be used
later in order to fix the stellar mass of galaxies:

M;, if central within itsFOF group

Minfall = (1)

M, p(Zinsan)  Otherwise



Here z,¢a1 IS the lowest redshift at which the main progerﬁtor
of the subhalal/;, was the central of itsOF group, andM}, ,, is
the main progenitor mass at this redshift. We select all tie s
haloes from the Millennium simulatiomwo%e
sectio 2.211) at = 0. Unlike many ABMs, we also consider sub-
haloes that are not identifiedat= 0 if their galaxies survive within
the SAM and did not have enough time to merge with the central
galaxy. Even though these subhaloes are only identifiedjatrisd-
shift, their M. can still be computed according to Ed. 1.

The basic assumption of ABMs (elg. Conroy et al. 2006) is
listed in item (ii) abovethe stellar mass of a galaxy depends solely
oNn Mintan- Most ABMs assign a uniquersqr Value per each sub-
halo mass. However, several studies allow a scatter in thes ma
relation, an@l@%) use different relationscemtral
galaxies versus satellite galaxies (the mass relationsdopted
from the results of a SAM in this last case). In this work we mhai
discuss the most detailed ABM approach, whereithg: — Mintan
relation includes scatter, and might be different for dis¢edalax-
ies. We will show that even when using this extended apprdhaeh
SAM behaviour is different from ABMs.

Once the assumption on the nature ofithg., — Minsan rela-
tion has been made, the last step in constructing the motbefirsd
a relationmstar — Mingan that will reproduce the observed abun-
dance ofmsgear. If all the subhaloes from item (i) are populated
with galaxies according to this relation, the resultingsefalaxies
would have the observed stellar mass function by constmuciihe
mstar — Mingan1 relation can be thus obtained if one assumes that
it follows some general functional shape, where the freapar
ters are constrained by matching the:.. abundance. A different
solution can be obtained by solving for the numerical valiogs
mstar — Mintan iN €ach mass bin separately. In this work we do
not assume any functional shape a-priori, but rather athegame
Mstar — Mingan relation as in the SAMs.

Although ABMs seem to adopt a rather simplified set of as-
sumptions, it turns out that the clustering properties tdogas fit
the observational data well. This is encouraging, as dlingtdés
the main test of the model (stellar mass functions are rejmexd
by construction). In addition, it was shown Mt
that the results of a specific SAM agrees quite well with tigs a
proach. All of these tests indicate that ABMs provide a reabte
solution to the relation between halo mass and stellar ntassot
clear, however, whether this relation is @y possible solution.

2.2 The Semi-analytical models

In this section we briefly describe the SAM formalism being
used in this work for modeling the evolution of galaxies. For
more details the reader is referred lto_Neistein & Weinmann
M) (hereafter NW10). A version of the code used in
this work is available for public usage through the inter(esit
htt p: // ww. npa- gar chi ng. npg. de/ gal f or ml sesan).

2.2.1 Merger trees

We use merger trees extracted from the Millenniui-

body simulation [(Springel et Al._2005). This simulation was
run using the cosmological parametef®m, Qa, h, os)
(0.25, 0.75, 0.73, 0.9), with a particle mass &.6 x 105 h™' Mg

1 Main-progenitor histories are derived by following backiine the most
massive progenitor in each merger event.

Linking haloes to galaxies 3

and a box size of 500 'Mpc. The merger trees used here
are based orsubhaloesidentified using thesuBFIND algorithm
I1). They are defined as the bound densitkgp
inside FOF groups @5). More details on the simu-
lation and the subhalo merger-trees can be fouM]
(2005) and Croton et A, (2006). The mass of each subhaker(eef

to as M}, in what follows) is determined according to the number
of particles it contains. Within eachoF group the most massive
subhalo is termed the central subhalo of its group.

2.2.2 Quiescent evolution
Each galaxy is modeled by a 4-component vector,

Mstar
Mcold
2
Mhot ( )

Meject

wheremstar is the mass of starsp.oia is the mass of cold gas,
muot IS the mass of hot gas distributed within the host subhald, an
Mmeject 1S the mass of gas which is located out of the subhalo and
is not able to cool directly into the cold phase. We use theter
‘quiescent evolution’ to mark all the evolutionary proces®of a
galaxy except those related to mergers.

It can be shown (see NW10) that most of the quiescent pro-
cesses included in SAMs can be written in a compact form by us-
ing linear differential equations. We therefore adopt thiéofving
model for the quiescent evolution:

m=Am+ BM,, (3)

where M, is the growth rate of the subhalo mass due to smooth
accretion (i.e., mass which does not come within other dokk#
and

0 (1-R)fs 0 0
a-| 0 —O-Rf—fafe fo 0
0 fdfs_fefs —fo fre
0 fcfs 0 7,frc
0
0
B=1 o7 “)
0

In short, fs, fe, fa, fe, fre @re all functions of subhalo mass
and redshift, and correspond to the efficiencies of stanétion,
cooling, feedback, ejection, and reincorporation respelgt R is
the constant recycling factor, which has the value8.48 or 0.5 in
all the models used in this work.

2.2.3 Satellite galaxies: dynamical friction, strippirand bursts

Satellite galaxies are defined as all galaxies insidergroup ex-
cept the main galaxy inside the central (most massive) $obha
Once the subhalo corresponding to a given galaxy cannot-be re
solved anymore, it is considered as having merged into th& mo
massive subhalo which has the same descendant (the ‘tacdget’
halo). Due to the effect of dynamical friction, the galaxytisn as-
sumed to spiral towards the center of the target subhalomenge
with the central galaxy in that subhalo after a (potentiaitynifi-
cant) delay time. We thus divide galaxies into three diffiétgpes:
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0 if central within itsFOF group
galaxy type= 1 if central within its subhalo (‘satellite’) (5)
2 otherwise (‘satellite’)

Table 1. The different SAM models used in this paper. The models are
divided into two groupsA & B. Within each group the specific models
are the same except the details given in this table. Differeg,; mass
estimates for computing dynamical friction are given in BgModel A4

Galaxies of type 0 and 1 can serve as merging targets for type 2gyolves satellite galaxies accordind to Weinmann lef alL§20

galaxies. A type 2 galaxy is not following the evolution af d@rig-

inal host subhalo, as its subhalo is not identified anymoosse-
quently, type 2 galaxies do not have a well defined locatieemi
by the simulation data. We estimate the location of thesaxizd

by using the location of the most bound particle of the lashid
tified subhalo. This method was used before by eta
(2006){Guo et dI[(2010b).

In our model, the time it takes the galaxy to fall into the caht
galaxy is determined by dynamical friction, and is not dilyece-
lated to the true evolution of the location of the most bouadiple
with respect to its target. At the last time the dark mattéhsilo of
a satellite galaxy is resolved we compute its distance fioertar-
get subhalo#.:), and estimate the dynamical friction time using

the formula of Binney & Tremaine (1987),

L17Vora
Gmsat In (1 + Mh/msat) '

tar = aar - (6)
Here M, is the mass of the target subhalo andis its virial veloc-
ity. The value ofmsa should correspond to the mass of the satellite
galaxy which is affected by the dynamical friction procéag. use
two options forms,: as listed below:

(a)

Mear = { (b) -

Here M}, min is the minimum subhalo mass of the Millennium sim-
ulation (1.72 x 10'° h=' M), and M, is the last subhalo mass
identified, just before the subhalo has merged into a bigger i
addition to the freedom in choosings.:, a free parameteryqs,
was added to E€] 6 in order to easily modify the dynamicatitic
time. When a satellite falls into a larger subhalo togethigh Vs
central galaxy we updatgr and the target subhalo, for both objects
according to the new central galaxy.

While satellite galaxies move within theipFgroup, they suf-
fer from mass loss due to tidal stripping. Only the ejected! laot
gas of the satellite can be stripped in our model. We assuate th
this stripping has an exponential dependence on time, ubkiag
same time scale for all galaxies. In order to model this ginigp we
modify A by subtracting a constant, from two of its elements:

®)

Mstar + Meold + Mh,min

) ™

Aai(3,3)
Agai(4,4)

_,fc — Qp

_,frc — Qp .

This constant suggests an exponential decrease in the aofdwot
and ejected gas. However, the actual dependence of thegmeom
nents on time is more complicated due to contributions fréineio
processes, as seen in Eb. 4.

When satellite galaxies finally merge we assume that a

SF burst is triggered. We follov,_Mihos & Hernquist (1994);
[Somerville et al.[(2001); Cox etlal. (2008) and model the amou

of stars produced by

QC
may

AmMmgar = (m—) (m1,cotd + M2,c01d) -
2

©)

Herem,; are the baryonic masses of the progenitor galaxies (cold
gas plus stars)n; co1q is their cold gas mass, anrd,, o are con-
stants.

Name o '[Gyrl  aar  Msat Other

A0 4 3 a

Al 0 3 a no stellar growth for satellites
A2 0.01 2 b

A4 4 (fortype2) 0.3 b Weinmann et al. (2010)
B0 0.01 2 b

B1 0 2 b no stellar growth for satellites
B2 4 3 a

2.2.4 Correlation functions

In this paper we study the clustering properties of variousl-m
els using the projected auto-correlation functian,(r,), termed
CF hereafter. Observational data were obtained from th&mES
DR7 release, using 1/Vmax weighting, in the same method as de
scribed i.6) and presentele)
rors are estimated from a set of 80 mock SDSS surveys mingjckin
cosmic variance effects. The CFs are splitinto five stellassrbins,
and are plotted as error-bars in fijy. 1 (the same data pomtsad
throughout this work).

In order to computeuv,(r,) for the models, we use only two
coordinates for the location of model galaxies (i.g.r,, omitting
the r. dependence). We then count the number of galaxy pairs,
N,, within the same stellar mass bin, and at a given separagion
(rp = \/r2 4 r2). The CF is computed fronV, using:

wp(rp) = {ﬁ% — 1} L.
HereV,, is the 2-dimensional area covered by the hin N is the
sum over allV,,, andL is the size of the simulation box i 'Mpc.

The resultingw, (r,) has units ofa~*Mpc. In order to save com-
putational time, we compute CFs only for a random subset of 10
per cent of the galaxies within the lower three mass bins (se u
all galaxies for the two most massive bins). We checked trexet

is no difference between the CF computed using the partiapka
and the full sample from the Millennium simulation used here

(10)

2.2.5 Specific models

We choose to examine the results of two models which were orig
inally presented in NW10. Other models from NW10 have simila
results and are not adding a significant information to thiskw
We use model Il from NW10, in which SF, feedback, and mergers
are treated in a similar way as in standard SAMs. Three maihmo
ifications to usual SAMs are adopted in this model: i) Theneds
ejection of gas out of the subhalm(;..c = 0); i) the SF law does
not include a threshold in cold gas density; iii) Coolingesaff.)

are tuned to reproduce a large set of observational data.ididlel

will be termed modelA0 in this paper. The second model being
used here is the one based on De Lucia & Blaizot (2007) (model 0
in NW10), and is termed modée?0.

There are a few differences between the results of maodiels
and B0 that are important for the following sections. The stellar
mass functions of these models are very different (see[Bldn 1
the Appendix). ModelA0 fits the observed stellar mass functions
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Figure 1. The projected auto-correlation functions derived for niade. Each panel corresponds to galaxies with stellar massesl@sied by the range
of LogM . Solid lines show the results of the original model, dastieesl are plotted using shuffling within\f;,¢a11,type], dashed-dotted lines represent
shuffling within [Mi.¢.n] only. Seed3 for more information about the shuffling procedure. Theeotmtional data are using SDSS DR7 with the same
technique as iI6), and are shown as error hatkeltwo most massive bins we add labels for the y-axis vaifige corresponding line.

for z < 3, while model BO shows significant deviations at low
and high masses. We will see below that this difference &ffioe
relation between the subhalo mass and stellar mass, andrthe C
The treatment of satellite galaxies is also different betwthese
models. The dynamical friction and stripping time-scaledanger

in model A0. Consequently, satellite galaxies survive longer, and
are able to form a significant amount of stars after joinirgggtoup.
Longer dynamical friction time-scales also result in moatagies

of type 2 in modelA0.

As we will show later in this work, the results of the CFs are
sensitive to the treatment of dynamical friction and gagpping
in satellite galaxies. In order to further investigate theffects we
run a few variations of the original models. Model$,B1 are the
same as models ‘0’ except that satellite galaxies are mowved to
grow in their stellar mass. We artificially shut down all mea
SF and do not allow merging into galaxies of type 1 & 2. These
models mimic extremely fast stripping mechanisms.

In modelsA2,B2 we exchange the recipes of dynamical fric-
tion and stripping between model®) & B0, showing the effect of
these ingredients on the results. This will help us disegieabe-
tween the effects of quiescent evolution, and treatmerdteflges.

Lastly, in modelA4, we use a prescription for the evolution
of satellite galaxies as proposediby Weinmann ket al. (20a@his
model gas stripping follows the stripping of the subhalo sn@s
calculated from théV-body simulation), where the first quantity to
be stripped iSncject. Only whenmejec: reaches zero does strip-

ping of the hot gas start. For type 2 galaxies, we use expi@mhent
stripping of hot gas, using;, defined in EqCP above. Model4
was developed in order to match in detail the properties tfl-sa
lite galaxies, and is thus the most physically motivated ehbére,
in terms of environmental effects within the halo. When gnthe
dynamical friction time scale in Moded4 we have tried to better
reproduce the observed CFs (see[fig.9 in the Appendix).
Table[dl summarizes the various models used in this work.

3 THE SHUFFLING TEST

We want to check whether SAMs include some clustering infor-
mation that is lost by the assumptions of ABMs. A simple test t
this problem is to adopt the sames;ar — Minsan relation as in the
SAM, and use it within an ABM application. Such a test was done
byI.6). Here we choose to use the shuffling proce
dure for testing ABMs against SAMs. In general, we will randyp
re-distribute the location of SAM galaxies with the sam@,¢.n.

In this way we mimic an ABM with the same subhaloes as used
in the SAM, and with exactly the same distributionref;., per a
given Minsan. Information about the clustering of galaxies that is
not related taMintan Should be eliminated by this procedure, and
its effect on the CFs can be easily tested without modeliagstie-
Cific mstar — Mintan relation. Moreover, it will be easy to see how
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Figure 2. The projected auto-correlation function for the modeltetisin
Table[d. Only galaxies with stellar mag$.27 < mstar < 11.77 LogM o
are selected (corresponding to the most massive stellan Ifiigy.[). Solid
lines are the original (un-shuffled) CAashedlines show the shuffling
results of each model (shuffling is preformed within galaxié the same
M; a1 @nd type). The CFs of different models are multiplied by pocd
10 for clarity.

different modifications of SAMs behave under shuffling, amedd
constraints on the shuffled groups.

We first run the SAMs and construct a catalog of galaxies at
z = 0. For each galaxy we save its locatiorzat 0, its type (0/1/2,
see Eq[B), its host/;, ¢, the infall redshiftz,s.11, and the host
FOF group mass at = 0, Moo We then split the population of
galaxies into groups of the sani, e . Within each group of
galaxies we randomly re-distribute the stellar masseseagtbup
locations. In order to further explore the clustering ptips of
SAMs, we will refer in this work to a few versions of shuffling:

e Shuffling within [Miyzan]
e Shuffling within [Min¢an,type]
e Shuffling within [Mingan, type zinan]

2 Moo is defined as the mass within the radius where the halo has an
over-density 200 times the critical density of the simalati

3 We allow M;, ¢, to deviate in 0.1 dex, so each group includes a large
number of galaxies. We have verified that using bin sizes@5-0.2 do not
affect the results presented here.

e Shuffling within [Mingan,type Maoo]

In each case we split the catalog of galaxies into groups evtier
values of the variables listed in square brackets are the[8amhe
shuffling is then implemented in each group separately. V¢bem
puting the CF for massive galaxies, we always run 20 differam-
dom realizations of shuffling, and plot the average CF values

In Fig.[d we compare the CFs of modéb against two basic
shuffling tests. When we shuffle between all galaxies of timeesa
Mintan, the resulting difference in the CF is very large. It reaches
a factor of~ 4 in the most massive bin, and a factor-of2.5 in
the second most massive bin. These large differences tedicat
treating satellite and central galaxies with the sameg.. — Mintan
relation does not agree with SAMs. We will show below that the
mstar — Mingan relation for central galaxies is very similar to that
for satellites in all of the models used here when considdow-
mass galaxies. This is probably the reason why the CFs abihe |
mass bins do not show a change after shuffling. In this paper we
do not attempt to reproduce the observed CFs (except for Imode
A4 as explained above), but rather compare the results ofeliffe
models. Thus, the observational data presented inFig. brdye
meant to provide a basis for comparison between the modeéseT
is probably no special meaning to the fact that the shuffletptes
better agree with the observed CFs.

Interestingly, the model shows significant change in the CF a
the higher stellar mass bin, even when performing shufflirigin/
[Mintan,typd. This difference reaches a factor ef 2 at small
scales. More minor differences are apparent in the othes ivas,
at the level of 15 to 40 per cent. These differences indidatthe
SAM contains clustering information that depends on somgth
other thanM,,¢.11 @and galaxy type.

We have tested the effect of shuffling witHilizan,typd on
all the models listed in Tablg 1 and found that variationsvieen
the different models are relevant mainly for the most masstel-
lar mass bin. We therefore show the CFs for this bin, and for al
the models, in Figl]2. Some models do not show any difference
between the original and the shuffled samples, while othex-mo
els exhibit substantial differences. Consequently, metiels not
unique in showing differences in CFs due to shuffling. Altjlou
model B0 does not include any change in the CFs (in agreement
with Wang et all 2006), changing the dynamical friction atribs
ping time-scales in moddB2 introduces a change in the CFs due
to shuffling.

In order to find the reason for the behaviour of the shuffled
catalogs we first did the following tests:

(i) We shuffled only galaxies with one specific type, leavilig a
other type of galaxies unchanged. The results of this testteat
only galaxies of type 1 & 2 contribute to the shuffling diffece.
Central (type 0) galaxies do not change their clusteringriies
because of shuffling. We will therefore examine below meisms
which affect the evolution of satellite galaxies.

(i) We tested different definitions of the host subhalo mass
stead ofMintan: the maximum mass in the history of the subhalo,
and the mass at thiest infall identified by the simulation (our usual
definition of Min¢an is at thelowestredshift where the subhalo was
identified as central, i.e. tHast infall). All these definitions give
rise to the same CF sensitivity under shuffling.

4 The bins used fog;, ¢, are of size 0.1 in Log, and bins forMsqq are
of size 0.5 dex. Decreasing the bins size by a factor of a femod@hange
the results shown here.
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Figure 3. The abundance of subhaloes with magg,.;, obtained by as-
signing M;,¢.11 for each galaxy from the SAM catalog a& 0. For type 2
galaxies, we assigh/;,s.1; according to the subhalo in which these galax-
ies were last identified as type 1 or 0. Different line typesespond to
different specific SAMs, as listed in Talflé 1. The diamond lsgi® show
the abundance a¥f;,,¢.1; for subhaloes which are identifiedzat= 0 within

the same (Millennium) simulation.

In the next section we will discuss the various differencetsvieen
SAMs and ABMs in order to better understand the possibleoreas
for the effect of shuffling on the CFs.

4 DIFFERENCESBETWEEN ABM & SAM

The results of the shuffling test shown in the previous sedtidi-
cate that galaxies produced by ABMs cluster differenthnt8aAM
galaxies. In order to further study this effect we closeljofe each

of the assumptions made by ABMs and see if it is fulfilled by our
SAMs. Our motivation is to study second order effects, wlzoh
currently not being used by ABMs, that contribute to the tisg
properties of galaxies.

4.1 Massfunction of subhaloes

ABMs often consider subhaloes which are identified at the in-
spected redshift only (i.e. & = 0). Although modern high-
resolution cosmological simulations seem to resolve subsire
well enough |(Conroy et al. 2006; Moster et al. 2010; Guo ket al.
), there is still some uncertainty whether this regmius ad-
equateOb). On the other hand, SAMs followxgala
ies even if their host subhalo has already merged into a bigge
This is done by allowing galaxies to survive an additionadetiin-
side their host halo according to dynamical friction estiesgsee
§2.2.3). As a result, the number of galaxiezat 0 in the SAMs
might be significantly higher than the number of subhaloahet
same redshift, where the additional galaxies are all maakegpe

2.

In order to quantify this effect we assigh/ins.n for each
galaxy in the SAM catalog & = 0, as was explained in section
[2. For type 2 galaxies we usd;,s.;1 according to the subhalo
when the galaxy was last identified as type O or 1. The regpltin
mass functions for all the models are plotted in Eig. 3. Itvis e
dent that all of the SAMs contain a non-negligible numberypft
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2 galaxies az = 0. In models that use a long dynamical friction
time scale, the difference is bigger, and can be significesn at
masses that are two orders of magnitude above the minimum mas
of the simulatiofl.

Although the difference in the number of galaxies is some-
times small in comparison to the total population, thesee t2p
galaxies might still affect the CF. In particular, such g#a are
usually located close to the central galaxies of theiF group, and
thus contribute to the CF at small scales, where a small nuofbe
galaxies can make a significant difference. The effect caseba
by comparing the CF of model0 against mode4 (Fig.[2). These
models mainly differ in the way dynamical friction is mode|ee-
sulting in a significant change in the CF at small scales.

The shuffling test done here does not change the number of
type 2 galaxies so different mass functions\df, .1 do not affect
this test directly. This can be seen when comparing [Hig. 23ind
there is no obvious correlation between models that ardtsen®
shuffling and models with high abundanceMdf,¢a1.

4.2 Redshift dependence

In Fig.[4 we show thenstar — Mingan relation for the SAMs used
here for various redshifts. Clearly, the relation betweela mass
and subhalo mass depends on redshift for central galaxdesas.
found by previous ABM studies (e.g.. Conroy & Wechsler 2009)
This dependence is mainly related to the evolution of thé ste
lar mass functions with redshift. At the massive end, theaye
mstar — Mingan relation is also affected by the scatterini., for

a given value of\/i,s.11 . FOr low mass galaxies, all the models show
little or no evolution with redshift, in contrast to the réta derived
by!Conroy & Wechsler (2009). This might be a consequenceeof th
different stellar mass functions used by these authors ffardnt
important point to note is that tha models show very different
behaviour than thé? models. This difference is an outcome of the
stellar mass function and its evolution with redshift. TBemod-
els produce too many small mass and high mass galaxies, iso the
mstar — Mintan relations are probably incorrect.

The dependence on redshift, which is rather obvious for cen-
tral galaxies (smooth lines in Figl 4), is also importantdatellite
galaxies identified a = 0. In Fig.[4 we plot the averagesa. for
satellite galaxies with differert;,r.;; as symbols. In thel mod-
els, galaxies with higher infall redshift have higher cutrstellar
mass, while theB models show the opposite trend. This effect is
not included in current ABMs when matching th&tar — Mintan
relation at redshift zero. Shuffling between satellite gials of the
same Minean Will mix galaxies of differentz,s;;, an effect that
might change the CF and contribute to the differences shown i
Fig.[2.

We note that the averages;.. per a givere,r.; seen in Fig 4
does not provide enough information in order to quantify ¢fie
fect of shuffling, as it does not include information on thember
of galaxies per each,.r.;1. The population of satellite galaxies is
dominated by low values &,s.11, SO only values of;,¢.n < 1 are
relevant. This issue will be further examined in secfibn 5.

5 Various ABMs take this effect into consideration and addhsiibes
from high redshift according to dynamical friction esti@st see e.g.
[(2010).
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Figure 4. Themgstar —

infall relation for the various models used in this work and foredéht redshifts. Each panel shows results from a specifiemod

as listed in TabIE]L. All the values afst., Were derived by computing the average per a givén .1 mass binLinesshowmsta, for type 0 galaxies which
are selected at the indicated redst#ymbolshowmstar for type 1 & 2 galaxies identified a= 0, split according to their infall redshi,¢.;;. For type 1
& 2 galaxies, we allow; ,¢,)1 to deviate inAz = 40.2 from the indicatedz label (Az = 4-0.5 for z = 3).

4.3 Evolution at early times

In the previous section we discussed the correlation betggg)
andmstar for satellite galaxies, and for a giveWins.1. However,
the averagensi.r for satellite galaxies at = 0 with a specific
Zntal = 2o IS different from thems:ar Of central galaxies at the
samez,. This is seen by comparing lines and symbols in[Eig. 4. As
a result, one cannot use thes.. — Minran relation that was de-
rived for central galaxies at high-redshift (e.g., Conroy\&chsler
[2009), in order to model thevsiar — Mingan for satellites atz = 0
with various z,¢.;1. Here we will explore one reason for this ef-
fect, namely the difference imst., at the time of infall. In the next
section we will study the growth imsta, afterz,ean.

For a distinctFoF halo, it is well established that the large-
scale over-density of its environment is correlated withialo for-
mation history. According to this ‘environmental effedtaloes of
a given mass living in denser environments are formed edtties
is also termed the ‘assembly bias’; Gao et al. 2005; Harkal et
[2006; Wechsler et al. 2006). The effect introduces a weakeeor
lation between the stellar mass of galaxies in the SAMs ard th
environment of their hostor halo 7). As galax-
ies identified just before,s.;; live in denser environments than
the average central galaxy, this effect might generatefardifce
in msiar between all central galaxies and future satellite galaxies
Moreover, for satellite galaxies that fall into a largerdhat highz,
the environment is correlated to the mass of the targetgroup at

z = 0. Thus, we expect that.. will be correlated with the group
massM200 and not only withMigan.

We first test this effect for the underlying dark-matter ewvol
tion, usingsubhaloesfrom the Millennium simulation. In Fid.15
we show the main-progenitor histories of subhaloes withstirae
Minan @ndzi e We split the average histories into different sub-
sets of equalzg (the host of these subhaloesat 0). Also plot-
ted in the same figure are the average histories of centrhbéngs
identified at the sam®,+.;;. Indeed, merger-histories at early times
are correlated to thé/>op mass atz = 0, especially if the infall
redshift is low. This effect is very similar to the environntel ef-
fect mentioned above, where subhaloes that fall into moissiva
Moo form earlier (i.e., the redshift which corresponds to ha# t
current mass is higher).

In order to test the effect af/200 on early formation histo-
ries ofgalaxies we stop all modes of SF and merging for satellite
galaxies in modelsi1 and B1. In all other aspects these models
are the same as model§) and B0. Consequently, in modeld 1
andB1, the stellar mass of satellite galaxiezat 0 is identical to
their mass at;,.r.;1. The reader is referred again to Higy. 4, where the
mstar — Mingan relation is plotted for modeld 1 and B1. Not sur-
prisingly, the stellar mass of satellite galaxies is alyedifferent at
Zntan1 from the stellar mass of central galaxies. This differerae c
reach 70 per cent in modell for the average value Ofistar, at
Minfall ~ 3 X 1012M@.

The effect of M2gp 0N mstar at early epochs can modify the
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Figure 5. Main-progenitor histories of subhaloes with the same limess and redshift, split by their host masg at 0, M20o. Each panel includes histories
for a given values of;,¢.11 and M;y,¢a11- We track the main-progenitor histories starting= 0, so only subhaloes which survive urttil= 0 are included.
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includes values within 0.2 dex in Ldd, where the number of main-progenitor histories used in &aths given in parentheses. All values are taken from

the full Millennium simulation. Time is in Gyr since the bizang.

CFs, and might contribute to the effect of shuffling discdsie
sectior 8. The reason that there is no change in the CF duefto sh
fling in modelsA1 and B1 might be that the effect of environment
is maximal in these models, which seems to cancel the coititsiip

of other effects going in the opposite direction. We willatiss this
issue further in sectidd 5.

4.4 Stellar mass growth after infall

The amount of stellar mass gained by galaxies of type 1 & 2 afte
Zinfal CaN be seen in Fif] 4, when comparing the various model
to modelsA1,B1. Models with slow gas stripping within satellite
galaxies (A0, A4 & B2) show a significant increase of mass after
infall, while models with fast stripping show only a minorasige
(B0 & A2). In models with slow stripping mechanism, more hot
gas is available for cooling, and consequently more coldogas
reach the disk and form stars. Both observational and ttieale
studies indicate that slow stripping is the preferred sgeniar
modeling the environmental evolution of galaxies withigitthost
halo (McCarthy et &l. 2008; Font et al. 2008; Khochfar & Qi
[2008; Weinmann et &l. 2010).

In model A4 we use stripping of hot gas which is propor-
tional to the dark-matter stripping. This scenario was tbiny
Weinmann et al| (2010) to reproduce the fraction of passitellite
galaxies as a function of group mass and distance from thggro
center. In this case, the stripping rate will be correlatethe dark-
matter evolution. From Fidll5 it seems that the dark-mattehe
tion of subhaloes aftex ;. is affected byMsoo, the group mass at
z = 0. This is probably a natural consequence of the tidal interac
tion within the group. As a result of the above, the amountigf,,
gained after infall should correlate wififsq, in this model. On the
other hand, it may be expected that galaxies with highen; will
have more time to increase their; .., SO correlation withz .11 iS
also expected.

original

E - - - shuffled [M,__ type] E
‘‘‘‘‘ shuffled [Minfall‘type‘zinfall] \
. o shuffled M, type.M, ] [11.27, 11.77]
10
1 10
7p [Mpc/h]

Figure 6. The CFs for various models using a rangerig;,, as indicated

in units of LogM . For each model we run a few different shuffling tests,
where the groups of shuffled galaxies are constrained to thavsame set
of properties:M; ¢, @and galaxy type (dashed lines);, .11, galaxy type,
and z;,,¢.11 (dashed-dotted lines) ;. a1, galaxy type, andVizgo (dia-
monds). A two parameter ABM, using/;,¢.;; and Maqgo for fixing the
stellar mass of galaxies, is shown to reproduce the CFs @A\ galax-
ies.

5 ABM WITH AN ADDITIONAL PARAMETER

In section[8 we saw that SAMs include an additional clustgrin
information which is not reproduced by a dependencelif¢.n
only. This was demonstrated by the different CF results wien
forming shuffling. We then learned that a singlg;ar — Mintan re-
lation cannot reproduce accurately the behaviour of stejalax-

ies. It is not easy to disentangle the different reasonshi@rdievi-
ation in themsiar — Mingan relation, and their affect on the CFs.
This will require studying SAMs which include only one devia
tion per a model. For example, we would need to develop a SAM
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show the mediamns;a, for all galaxies in the sam/;,,¢.1; bin.

in which there is no redshift evolution in the mass relatibat
satellite galaxies do increase their stellar mass funeifter infall.
Here we choose to present a more modest test. Instead ofymodif
ing the SAMs, we will present a modification of ABMs which is
able mimic the behaviour of SAMs better.

The target of this section is to present a more detailed wersi
of ABMs which is relatively simple to use, and is able to fit tDE
of SAMs. This is achieved by adding an additional paramater t
ABMSs, so the stellar mass of a galaxy is fixed not only My, a1
and the galaxy type, but also according to an additionakidignt.
According to the previous section, there are two paramethish
naturally affect the stellar mass of satellite galaxies:ittiall red-
shift (znran1), and the group mass at redshift zefd,). These
parameters are correlated because of the hierarchical-bpilbf
haloes (galaxies inside more massive groups tend to hawgharhi
Znta1). Consequently, it is hard to separate the effect of each pa-
rameter on the models.

An important criterion for choosing the second parameter is
the behaviour of the shuffled CFs. In order to check this issue
we present two additional shuffling tests. For each of tharpar
eters testedpy( = Znra11,M200) We divide the catalog of galaxies
into groups of the sam&/;,t.11, type, andp values as discussed in
section[ 8. The location of galaxies are shuffled within these
groups. The resulting CFs are shown in [Eiy. 6. For all the risode
tested here, using the group mak&,o, results in no change in the
CF after shuffling. This means that SAMs have no additionz-cl
tering information except the dependence ks, Maoo, and

Median values are computed for bins vatk than 10 galaxies. Diamonds

galaxy typ. Consequently, ABMs that would ugés to fix the
stellar mass in addition td/;,¢.n would be able to reproduce the
results of SAMs. Such models might have more freedom andicoul
span more possibl@istar — Minfan relations.

Naively, one may expect that the main variation inthga., —
Mintan relation should be due to the the additional dependence of
satellite mass om,.r.;1. However, this parameter does not allow
ABMs to better follow the CF of SAMs. In Fid.]6, addirg, ;..
as a second parameter makes the CF of matdeto deviate even
more from the original CF. Adding,.s.;; to model A0 improves the
CF, but it does not reach the accuracy achieved by uklng. The
failure of z,¢.;1 to improve ABMs is surprising, as it naturally af-
fects the stellar mass of satellite galaxies. Howevergitrsethat its
correlation with stellar mass is weaker than the corretdbetween
Moo and stellar mass.

We have examined various statistical aspects of the effect o
Moo and zi,ean ON mstar (PEr @ givenMinsa). The main obsta-
cle in presenting a clear-cut evidence for whisoo works better
thanz,r.11 is the different abundance of satellite galaxies as a func-
tion of z, .1 and Mago. For example, most satellite galaxies have
Zntan < 1, but have a different unique range 200 / Mingan. A
clear comparison should take this number distribution ammount.

We therefore plot in Fid.]7 the median valuesMboo andz,san

6 According td@l@tﬂ) there are deviations orotiuer of 10
per cent because of environmental effects on scales langer the halo.
These variations are too small to be seen in[Hig. 6.



per each bin imstar and Minsan. When comparingVZzqo against

Znra11, the number of galaxies per each bin remains the same. How-

ever, we note that most of the galaxies are concentratecartbe
medianmstar Values (diamond symbols).

Fig.[d shows the reason for the success6f, as a second
parameter. The dependencenfi., on Msgo (for a givenMintan)
is roughly monotonic and smooth. For a givéf,¢.1, the values
of Moo span nicely the scatter imsta,. A different behaviour is
seen forz,.. The relation betweemsgsar andz,¢.y for a given
Mintan is Not monotonic. This means that the dependenceof;
0N Zyran iS i general not unique, so very differents:.. corre-
spond to the same,.;;. This is probably the reason wisy,¢.n
does not improve the shuffled CF in mode2. We note that the
range inmsg., Used for testing the shuffled CFs in Fid. 6 corre-
sponds toMinran = 102 M. As the number of subhaloes of a
given Minsan decreases fast withf;,ai, the CF in this mass range
is mostly affected byMi,ean ~ 10'2 M.

6 SUMMARY AND DISCUSSION

In this work we have studied the relation between the masstof s
haloes (Mintan1) and the stellar mass of galaxies. A simple model
for this relation is crucial for summarizing the basic cqotseof
galaxy formation physics. It can then be used to model theetzor
tion function of galaxies, their stellar mass functionygtamation
rates, and merging processes. The abundance matchingaappro
(ABM) is aiming at constraining this mass relation directiyjth-

out the need to rely on the assumptions of a specific modes Thi
constraint is important because other theoretical metlgis de-
pend strongly on the detailed physics assumed, and ardysoél
able to match the observational constraint accurately.

In this paper we have tested the basic assumptions of ABMs
using a set of Semi-Analytical Models (SAMs) developed by
[Neistein & Weinmarn[(2010). We examined the relation betwee
stellar mass and/;,r.; within the SAMs at different redshifts,
and for satellite versus central galaxies. It was shown dhsin-
gle mstar — Mingan relation is not able to capture accurately the
full complexity of SAMs, due to complex behaviour of sattelli
galaxies. First, the stellar mass of these galaxies bellffeently
at early times due to an environmental effect acting on thest
haloes (the ‘assembly bias’; Gao etlal. 2005; Harker let 2060
Satellite galaxies falling into more massive groups haviemint
dark-matter merger-histories, and are more massive eviamebe
falling into their group. Second, the mass of satellite gials de-
pends on the infall redshifz(,s.11, defined as the time they became
satellites). This is because they roughly follow the gldistaviour
of central galaxies. Third, satellite galaxies acquire gnificant
amount of stellar mass aftgf.s.;;, especially if the model assumes
slow gas stripping mechanisms. This growth can reach arfafto
~ 2 in stellar mass, for galaxies witt,¢.;, = 1.

We have used the shuffling technique, where the location of
all model galaxies that have the sam®&,s.;; and galaxy type (cen-
tral/satellite) are swapped randomly. Assuming that teestmass
of galaxies depends only on the host subhalo magsn), is
equivalent to use the shuffled sample of galaxies. In ordehégck
the effect of this assumption on the clustering propertfegatax-
ies, we compared the auto correlation functions (CFs) obtige
inal SAMs against the shuffled catalogs. We found that shiffle
catalogs of galaxies can have different CFs, depending ®sfik-
cific model being tested. The shuffled CFs are very differenei
assume the samesi.r — Minsan relation for satellite and central
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galaxies, reaching a factor ef 4 at small scales. However, even
when using a differentistar — Mintan relation for central and satel-
lite galaxies, this difference can reach a factor of 2 in tkeo€the
most massive galaxies.

The results shown here are based on a few specific SAMs and
might not reflect the ‘true’ physical Universe. It might bathhe
assumptions adopted by ABMs are correct, and SAMs introduce
more complexity than what is needed. However, it might be tha
the ‘true’ model includes a different set of assumptionssanore
extreme in violating the assumptions tested here. A diffeimita-
tion of this work is that the results of the auto-correlationctions
obtained here are based on the Millennium simulation. Tinisis
lation assumess = 0.9, which is higher than the latest favorable
estimates. As a result, the relation between the model Cérshan
observed data is of less interest to this study. We did notaim
providing a model which reproduce the observed values ¢f that
stellar mass function and the CFs.

We have checked two additional parameters which could be
adopted by future ABMs in order to better reproduce the tesul
of SAMs. For the SAMs used here, assuming that the stellas mas
depends oMintan, Ma2oo and galaxy type is enough to reproduce
the CF of galaxiesX/2q is the FOF group mass at redshift zero).
The other natural parameter,.;; does not provide a good match
to the clustering of SAMs probably because it is less cotedlavith
the stellar mass. Usingif>oo as a second parameter makes ABMs
more similar to HODs, in which all the properties of galaxi&e
fixed by the group mass.

Our results may be relevant for interpreting the observed en
vironmental dependencies of galaxies. While various testitess
the importance of late evolution on the properties of staialax-
ies (e.gl Kauffmann et al. 2004), we find evidence for the afte
of early evolution. At a fixedV/inan1, galaxies ending up in massive
clusters undergo a more rapid growth of their dark matteo hal
early times, which may influence their observed propertidata
times, like their morphology or star formation rate.

Studies like van den Bosch et al. (2008) and Weinmannlet al.
) investigate the impact of environment by comparatgléte
and central galaxies at fixed stellar mass t
M) argue that this is reasonable, as most satelhtbmfhite
and thus no large difference in the evolution of stellar niega/een
central and satellite galaxies since this time is expedtesvever,
as we have shown here, the progenitors of today’s satedlitdshe
progenitors of today’s centrals may be different alreadedshifts
before the time of infall. Depending on the exact nature aagmi
tude of this effect, it may complicate the direct comparibetween
central and satellite galaxies. In a future work we intendttaly
the differences in stellar mass between satellite and alegdatax-
ies in more detail, making use of the two parameter ABM apgiioa
suggested in this work.
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APPENDIX

In this Appendix we provide more CF plots for modé&¢ and A4
(Figs[B[9). We also plot the stellar mass function for alhodels
used in this work against the observational data in[Efjy. 10.
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Figure 8. The projected auto-correlation functions derived for mia#6. Each panel corresponds to galaxies with stellar masseslasied, in units of

LogM . Solid lines show the results of the original model, daslweklare plotted using shuffling withid\];,,¢.11,type]. The observational data are using
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Figure 9. Similar to Fig[8, but for modei4.
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Figure 10. Stellar mass functions of galaxies at various redshiftspfo different models as indicated in the top left panel asd@mmarized in tablg 1.
The observational data is plotted with gray symbols. Atedishifts higher than zero we convolve the model stellar esawith a Gaussian error distribution,
with standard deviation of 0.25 dex. &t= 0 we use observations by Li & Whité (2009, circles), Baldrylé(2008, crosses). Panter et &l (2007, pluses).

Note that other observational studies predict a slightifeént function (e.lO). At highwe use the following observatio al.
m,z = 0.75 — 1, circles),ml.@b&‘z =08 -1, crossestmm& 08—1,z=16—2,z= 25— 3, plus
signs)OfS,: 08—-1,z=16—-2,z=2 -3, stars)l@btz = 0.8 — 1, upward-pointing trianglesOS,
z=0.75—1.25,z=1.75 — 2.25, z = 2.25 — 3, diamonds and squarem@ﬁw,lﬁ — 2,z =2 — 3, right-pointing triangles). Model
stellar mass functions are plottedzat 0, 1, 1.5, 2.5 according to the label on each panel. We treapgeific IMF chosen in each measurement as part of
the observational ‘uncertainty’ and do not convert thero the same IMF.
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