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ABSTRACT

We use a suite of semi-empirical models to predict the gatmigxy merger rate and relative contributions
to bulge growth as a function of mass (both halo and stetledshift, and mass ratio. The models use empirical
constraints on the halo occupation distribution, evolaavard in time, to robustly identify where and when
galaxy mergers occur. Together with the results of higloltg®n merger simulations, this allows us to quantify
the relative contributions of mergers with different prajes (e.g. mass ratios, gas fractions, redshifts) to the
bulge population. We compare with observational conssaiand find good agreement. We also provide
useful fitting functions and make public a cBde reproduce the predicted merger rates and contributmns t
bulge mass growth. We identify several robust conclusidgfiy.Major mergers dominate the formation and
assembly ofv L, bulges and the total spheroid mass density, but minor meertribute a non-negligible
~ 30%. (2) This is mass-dependent: bulge formation and adgamtiominated by more minor mergers in
lower-mass systems. In higher-mass systems, most bulggsatly form in major mergers near L., but
assemble in increasingly minor mergers. (3) The minor/megmtribution is also morphology-dependent:
higherB/T systems preferentially form in more major mergers, vBfT roughly tracing the mass ratio of
the largest recent merger; lowByT systems preferentially form in situ from minor minors. (4v-mass
galaxies, being gas-rich, require more mergers to reackaheeB/T as high-mass systems. Gas-richness
dramatically suppresses the absolute efficiency of bulgadton, but does not strongly influence the relative
contribution of major versus minor mergers. (5) Absolutegeerates at fixed mass ratio increase with galaxy
mass. (6) Predicted merger rates agree well with those wdxbén pair and morphology-selected samples,
but there is evidence that some morphology-selected sammikide contamination from minor mergers. (7)
Predicted rates also agree with the integrated growth igeblass density with cosmic time, but with factor
~ 2 uncertainty in both — up to half the bulge mass density caolthe from non-merger processes. We
systematically vary the model assumptions, totakind 0> model permutations, and quantify the resulting
uncertainties. Our conclusions regarding the importarfadifterent mergers for bulge formation are very
robust to these changes. The absolute predicted mergsramgesystematically uncertain at the facto
level; uncertainties grow at the lowest masses and higlhitesls

Subject headinggalaxies: formation — galaxies: evolution — galaxies:\seti- cosmology: theory

1. INTRODUCTION 2005) and e.g. faint shells and tidal features around

; ellipticals (Malin & Carter| 1980, 1983; Schweizer 1980;
hig:atrhcehiil:%\ll}lye(set%t?lﬁ/ﬁt%%Dlgﬂeggsggg)g%Ztl%cg;ur;%?grggsan Schweizer & Seitzer 1992; Schweizer 1996) have lent consid-
inescapable element in galaxy formation. Thirty years agoyerable support to this picture (el.g. Barnes & Hernquist 1992

Toomre (1977) proposed the “merger hypothesis,” that ma- _Mergers are also gnked to StargulfSt galaxiesh anoll Ilg
jor mergers between spirals could resuit in elliptical gala MINOUS quasars. y exciting tidal torques that lea

ies, and the combination of detailed observations of re-0_rapid_inflows of gas into_the centers of galaxies
cent merger remnant$ (SchweiZer 1982 Lake & Dressler (Barnes & Hernquist 1992, 1996), mergers provide the fuel

1986: Doyon et al. 1994: Shier & Fischier 1998: Jameslet al,!0._POWer intense starbursts_(Mihos & Hernguist_1994b,
1999;[Genzel et al. 2001, Tacconi et al. 2002; Dasyralet al.£296), to feed rapid black hole growth (DiMatteo et al.

2006, 2007/ Rothberg & Joseph 2004, 2006a; van Dokkum200%; [Hopkins et al._2005b,a), and, through various asso-
= ciated feedback channels, convert blue, star-formingxgala

1 Department of Astronomy, University of California Berkgl@erke- ies into quiescent, red ones (elg. Springel etal. 2005a,b).
ley, CA 94720, USA _ . i Mergers are inevitably associated with the most lumi-
2 Centre for Astrophysics & Supercomputing, Swinburne Ursiitg of nous star-forming systems, from ULIRGs in the lo-
Technology, P.O. Box 218, Hawthor, VIC 3122, Australia cal Universe [(Soifer et al. 19844b; Joseph & Wiight 1985;
Harvard-Smithsonian Center for Astrophysics, 60 Gardereegt Sanders & Mirabel_1996) to bright b-milli lax-
Cambridge, MA 02138, USA s _ Bl ght _sub-milimeter galax
4W. M. Keck Postdoctoral Fellow at the Harvard-Smithsoniant@r ies at high redshifts. (Alexander et al. 2005; Younger et al.
for Astrophysics 2008b; Shapiro et al. 2008; Tacconi etal. 2008), and proper-
5 Max Plant_:k Institut fur Extraterrestrische Physik, Giedgseehstr., D- ties ranging from their observed kinematics, structurat co
85748, Garching, Germany relations, and clustering link these populations to massiv

6 i s ~
Center for Cosmology, Department of Physics and Astronofing ellipticals today [(Lake & Dresslér 1985: Doyon et al. 1994:

University of California at Irvine, Irvine, CA 92697, USA : . " = _ - .
“ Hubble Fellow, Institute for Advanced Study, Einstein @giPrince- Shier & Fischer 199€; James etlal. 1999; Genzelet al.|2001;

ton, NJ 08540, USA Rothberg & Joseph 2006aib; Hopkins €t al. 2007d).

@nttp://www.cfa.harvard.edu/~phopkins/Site/mergercalc. Observations have Simi|ar|y linked mergers to at least
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some of the quasar populatiorl (Sandersetial. 11988;imply dramatically different formation timescales andtbis
Canalizo & Stockton 2001; Guyon et al. 2006; Dasyra et al. ries, also important for understanding the star formatistoh
2007;|Bennert et al. 2008). Although the precise role of ries, stellar populations, colors, abundancesaetrichment
mergers is debated, the existence of tight correlationsof spheroids, and their gradients (see e.g. Mihos & Herquis
between black hole mass and spheroid properties suchl994a; Hopkins et &l. 2009a; Ruhland et al. 2009; Foster et al
as stellar mass| (Magorrian et al. 1998), velocity disper-12009).
sion (Ferrarese & Merritt 2000;_Gebhardt etlal. 2000), and Basic questions such as whether or not individual galax-
binding energy [(Hopkins et al. 200[7c,b; Aller & Richstone ies move continuously in small increments in the Hubble di-
2007; Younger et al. 2008a) imply that the growth of black agram, or can change types significantly, depend on the kind
holes, dominated by bright quasar phases (Saltan | 1982pf mergers in which they form. Clearly, if e.g. small bulges i
Saluccietal.| 1999; Yu & Tremaine 2002; Hopkins et al. late-type disks are preferentially formed in early majorgae
2007e; Shankar et gl. 2009), is fundamentally linked to the ers that destroy the disk (a new disk being later accretedf), o
growth of spheroids. they form in situ in minor mergers that only partially affécg
Despite the importance of galaxy mergers, the galaxy-disk, the implications for their evolution and the demodrap
galaxy merger rate and its consequences remain the subject dcs of bulges and disks are substantial. Moreover, to thengxt
considerable theoretical and observational debate. Halo- that starburst and/or AGN activity are coupled to bulge farm
merger rates have been increasingly well-determined with i tion in mergers, the magnitude, duty cycles, and cosmaébgic
provements to high-resolution dark matter only simulagion evolution of these events is clearly directly linked to tleds
with different groups and simulations yielding increasing  of mergers triggering activity — one would expect continsiou
consistent results (see €.9. Gottlober €t al. 2001; Stewatt high-duty cycle but low-level activity from sufficiently mi
2008, | 2009a; Fakhouri & Ma 2008hb; Wetzel et al. 2009a; nor mergers, with more dramatic, dusty, shorter duty-cycle
Genel et al. 2008). But mapping halo-halo mergers to galaxy-activity in major mergers (Hopkins & Hernguist 2006, 2009;
galaxy mergers is non-trivial, and there are a number of ap-Hopkins et al. 2009d). Whether or not observations could,
parent disagreements in the literature (both theoretiodl a in principle, see evidence of merger-induced activity iesth
observational) over the absolute rate of galaxy mergers as aystems also depends on the kinds of mergers that dominate
function of galaxy mass and merger mass ratio. Moreover, al-bulge formation, as does the question of whether or not ev-
though most of the literature has focused on the most violentery bulge/massive elliptical passed through a ULIRG/quasa
events (major mergers), various high-resolution simokegi  phase in its formation.
have shown that a sufficiently large number of minor merg- Conditions are ripe to address these questions. In addition
ers (in a sufficiently short period of time) can do as much to the convergence in theoretical predictions of the hallm-h
to build bulg@ mass as a smaller number of major mergers merger rate, observations have greatly improved conssrain
(Naab & Burkert 2003; Bournaud etlal. 2005; Younger et al. on halo occupation statistics: namely, the stellar magsi-dis
2008a; Cox et al. 2008; Hopkins et al. 2009b). So it remains butions of galaxies hosted by a halo/subhalo of a given mass.
a subject of debate whether or not minor mergers are impor-Observational constraints from various methods yield isens
tant for (or may even dominate) bulge formation. Indeed; sev tent results with remarkably small scatter (discussedvielo
eral questions arise. What is the galaxy-galaxy mergefaste and have been applied from redshifts- 0 — 4 (albeit with
a function of mass ratio, galaxy mass, and redshift? Whichincreasing uncertainties at higher redshifts). Furtheemim
mergers — major or minor — are most important to bulge for- lowest order, many of the most salient properties for this ap
mation? Is this a function of galaxy mass and/or bulge-tkdi plication appear to depend primarily on halo mass. That is,
ratio? What is the typical merger history through which most at fixed Mg, Other properties such as redshift, environment,
of the bulge mass (and, by implication, black hole mass) in color, satellite/central galaxy status, or morphologyehav
the Universe was assembled? What room does this leave fominor impact (see e.q. Yan et/al. 2003; Zentner et al. 2005;
secular or non-merger related processes? Tinker et al. | 2005; Cooray 200%; Weinmann €tlal. 2006a;
The relative importance of mergers of different mass ra-lvan den Bosch et al. 2007; _Conroy etlal. 2007; Zhenglet al.
tios is critical for understanding the structure of sphésoi |2007), the dependence of these properties on mass and one
and the related processes above. Although, in principle,another all being expected consequences of a simple halo oc-
a sufficiently large number of minor mergers could build cupation distribution. Populating well-determined halerg:
the same absolute bulge mass as a couple of major mergers with well-constrained galaxy properties can yield pred
ers, various simulations have shown that the two scenar-tions for the galaxy-galaxy merger rate without refererce t
ios produce very different structural properties in the +em any (still uncertain) models of galaxy formation and with
nants, including rotation and higher-order kinematicst- fla small uncertainties (as demonstrated in Stewart/et al. &)009
tening and isophotal shapes, profile shapes, central densiMeanwhile, numerical simulations are beginning to congerg
ties, effective radii, and triaxialities (Weil & Herngui$994, in predicting how the efficiency of bulge formation scaleftwi
1996; | Burkert et all 2008; Naab et al. 2009; Hoffman et al. merger mass ratio and other basic parameters (orbital garam
2009). Sufficiently minor mergers may not even preferen- ters, gas fractions, etc.), making it possible to robusthdict
tially form elliptical-like “classical” bulges, but rathelisk- how much bulge should be formed by each event in a given
like “pseudo-bulges,” which have typically been associate merger history.
with secular (non-merger) processes (Youngerlet al. 2008a; In this paper, we present a simple, empirical model using
Eliche-Moral et al! 2008). These different channels clearl this approach to predict galaxy-galaxy merger rates, aad th
8 In this paper, we take “bulge” to refer to classical sphesqiersic in- relative contrlbqtlon of MErgers as a fun(-:tlon of mass fatio
dex > 2, somewhat dispersion-supported spheroids), which dreved to e.aCh as a function of .ga.laxy mass, redsh!ft, an.d cher proper
primarily form in mergers, unless otherwise specified. Vée aise the term  ti€S. We compare variations to the modeling within the range
“bulge” to refer to any classical spheroid — small bulgesisksithrough SO permitted by theory and observations, and show that the ques
and elliptical galaxies. tions above can be answered in a robust, largely empirical
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fashion, and without reference to specific models of galaxy 2.2. Step 2: Painting Central Galaxies Onto Halos

formatimfm. line th _ ical model adopted At given redshift, we use the halo occupation formalism to
In 8§[2 & 8[3, we outline the semi-empirical model adopted .,ngtriict a mock sample of galaxies, each with a parent halo

and show how observed halo occupation constraints lead Q. 5 hhalo. Specifically, we begin with the observed galaxy
galaxy-galaxy merger rates. IB 4 we use this semi-empirica gto|iar mass function (MF), which we take as given. Gener-

model to_predii:t galax%{-galaxy mer%er réﬂﬁ_sf as a fugction of ally, we will be interested in all galaxies (i.e. the totalayay
mass ratio, galaxy stellar mass, and redshift. [0 8 5 we usegigiar mass function). But if we wish to specifically iddti
these predicted merger rates together with the resultgbf hi only gas-rich or star-forming galaxies, we can just use Bbse

resolution simulations to identify the relative importenaf | 4tions that separate the mass function of those galaxies al
different mergers as a function of mass ratio, mass, and red-(i_e_ that of star-forming or “blue” galaxieE).

shift. In 8[8, we extensively vary the model parameters tb tes We then assign each galaxy to a halo or subhalo in a sim-

the robustness of these conclusions. [l § 7, we summarize oupe manner following the standard halo occupation method-
conclusions. . o ology described in_Conroy & Wechsler (2009); ensuring, by
Except where otherwise specified, ~we adopt congtryction, that the galaxy mass function and galaxy-clus
a WMAPS cosmology  with (O, 4,0 08,1)=  tering (as a function of stellar mass, galaxy color, and phys
(0.274 0.726,0.705 0.812 0.96)  (Komatsuetal. | 2009) .5/ gcqle) is exactly reproduced. This essentially amdores
and al Chabrier (2003) IMF, and appropriately normalize g6 “rank ordering” procedure, whereby both galaxies an

all observations and models shown. The choice of IMF y5\6515ybhalos are rank-ordered in fsand then assigned
systematically shifts the normalization of stellar masses;, one anotherin a one-to-one fashion.

herein, but does not otherwise change our comparisons.
Throughout, we use the notatidfyy to denote the bary-

onic (stellar+cold gas) mass of galaxies; the stellar, gals} ) S

and dark matter halo masses are dendMedMgas andMnao, The ob_servatlonal uncertainties in the galaxy abunda_rnzce ar

respectively. When we refer to merger mass ratios, we use thé potential source of uncertainty in the model, especidily a

same subscripts to denote the relevant masses used to defifégh redshifts. We will therefore consider three differeat

a mass ratio (€.gigal = Mgal2/Mgar1), always defined such terminations of the total galaxy stellar MF as a functionesf-+

2.2.1. Uncertainties in Galaxy Masses and the Mapping

that 0< 1 < 1 (Mgar1 > Mgal 2)- shift, in our “default” model (the model is otherwise idexati,
’ ’ but will use one or another determination of the MF). Further
2. THE SEMI-EMPIRICAL MODEL variations are explored in[§ 6, as well. These are taken from

In order to track merger histories with as few assumptions (1)/Conroy & Wechsler (2009) (our “default” choice, when no
as possible, we construct the following semi-empirical elpd ~ other is specified), (2) Perez-Gonzalez etlal. (2008b), and (
motivated by the halo occupation framework. Essentially, [Fontana et al! (2004). o .
we assume galaxies obey observational constraints on disk Each of these stellar MFs is directly constrained as a
masses and gas fractions, and then predict the properties dunction of redshift out to at least > 4, more than suffi-
merger remnants. The model is described in greater detail incient for our (generally lower-redshift) predictions heféne
Hopkins et al. [(2009g), and a similar variant based on sub-specific choices are not important — we could just as well
halo mergers presented in detailin Hopkins ét'al. (21008d,b) use a number of other observations in the literature (e.g.
but we summarize the key properties here. Bundy et al.| 2005; Pannella et al. 2006; Franceschinilet al.

Note that what we describe here is our “default” model. In 2006; |Borch et al._2006; _Fontana et al. 2006; Brown et al.
§[6, we will systematically vargverypart of this model, and  12007; Marchesini et al. 2009; Kajisawa et al. 2009). We

show that our conclusions are robust. choose these three because they bracket the extremes in
) all of these different observations. Specifically, the efiff
2.1. Step 1: The Halo+Subhalo Mass Function ences between mass functions (1)-(3) represent the range

At a given redshift we initialize the halo+subhalo popula- across all these different samples. Those, in turn, re-
tion, onto which we will “paint” galaxies. We do this follow-  flect uncertainties owing to a combination of cosmic vari-
ing the standard Sheth ef al. (2001) mass function, caditirat ance, selection/completeness, and different methods used
to match the output of high-resolution N-body simulations. to determine galaxy stellar masses (which can easily con-
Note that thetotal halo mass function (which is what we use tribute ~ 0.3 — 0.5dex uncertainties in_especially the high-
to map central galaxy stellar mass to primary halo mass) isredshift stellar mass measurements; isee Moster etall 2009;
nearly identical to the halo+subhalo mass function — as,suchMarchesini et all_ 2009; Behroozi et al. 2010). The compi-
including the subhalos explicitly at this stage (which we ca
do following the fits or methodology in e.g. Vale & Ostriker | ° At Zf< 2,t\(ve at?Opt tng mteisulr?rzntfoﬂé)s fo theﬁypejsepgrgted g;‘ﬁ:ty st

) . . H P ar mass runctions 1rom ert etial. ( , IT such separal esired.
20053‘ Gao et al. 200%; N“Tm' et/al. 2006; van den Boschlet e.ll'redshiftsz > 2, type-separated MFs are no longer available, so we simply
2005) makes almost no difference to any of our results. Thisassume all systems are star-forming; however, the fraclionassive galax-
choice, and the knowrn 5% uncertainties in halo mass func- ies that are “quenched” and red has become sufficiently low=y2 (and is
tions are negligible compared to other uncertainties in our[ﬁpiot“ﬁ’ fa”('j”fG) tT_at it ’t“aI‘reS little d;‘;fezrf?”ce (ei%' ?ﬁ"’t@a;he;pperl':m”—

. . . . al e red fraction at all massesz IS equal to tha = Z —Mmakes No
model. We will also, in &b, consider how systematic changes jigerence to our predictions).
in the halo MF owing to different cosmological parameters 10|, what follows, the term “mass” of a subhalo will always, es oth-
affect our results, and show that the differences are mihima erwise specified, refer to the “infall” or maximum mass of tubhalo, pre-

This defines a primary halo mass function. There are of accretion (i.e. the maximum mass the system had while it tilha primary

; _ s s1jhalo, before being accreted and becoming a subhalo). Thikasis impor-
CO_urse subhalos in each halo dEfln.lng the systems that WI”tant for the galaxy properties, and what enters into the H@fk+ordering
U|t|maFe|y merge and therefore be of interest here — bl«!EtheS methodology. Obviously, at a later time after accretiodaltistripping can
come in the first place from mergers of other halos, which we arbitrarily reduce the subhalo mass, but this should nobghahe original

will need to model. We describe this below. accreted galaxy mass.
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lation in|Pérez-Gonzalez etlal. (2008b) draws from a large course, the uncertainties in gas fractions and other ptieger
number of different observations, and thus is a represeatat increase at higher redshifts, but these are still sub-dantin
“average.” The mass function choicelin Conroy & Wechsler their ultimate effects compared to the growth in uncertgimt
(2009) is interesting because the authors do not directlythe stellar mass function itself.

present a stellar MF measurement. Rather, they present a fit-

ted stellar MF versus redshift that is fitted to both variobs o 2.3. Step 3: Halo-Halo Mergers

servations of stellar masses and to the history of galaxy SFR  1he next step towards identifying merging galaxies is to
versus mass and redshift. As such, the well-known d'screp‘identify merging halos. The halo-halo merger rate (i.e. the

ancy between high-redshift SFRs and stellar mass buildup iSate af which formerly primary halos are accreted onto other
apparent (see Hopkins & Beacom 2006). The authors addresgimary halos and thus become subhalos) is well-measured in
this by adjusting the stellar MF at high redshifts to fit thRSF  cosmological simulations and defined in the extended Press-
measurements. As such, it represents a completely indepengcnechter formalism. In our default model, we determine
dent constraint on the stellar MF evolution, and is repr&sen  ihis rate. as a function of halo mass merging halo mass ra-
tive of the stellar MF that would be obtained with fairly rad- 5~ and redshift. from the fits presehted in Fakhouri & Ma
ically different assumptions (for example, a stellar IMBtth 068} * determined from high-resolution N-body simula-
evolves with redshift). To this extent, it provides somethi  ions [Springel et al. 2005¢). We can include scatter inabis
of an upper limit to the uncertainties in the galaxy mass-hal well: Fakhouri & Ma (2008a) quantify the scatter in haloal
mass mapping. - merger rates across populations. For a given halo popnlatio
Note that other methods of HOD fitting (other than our and%rbitrary time int(grvgl, we can then sgtJatisticaIIy gplsgill
rank-ordering approach) yield very similar results. Allow  p510_halo mergers that have occurred in that interval. We va
ing e.g. for scatter in thBlga — Mnalo relation or fitting some e getermination of the halo-halo merger rate {d § 6 (using
prior assumed functional form (say e.g. a double-power law ¢ g ‘the results of different dark matter simulations, $&mu
relation between these quantities, separately for ceatidl  jons with gas included, and selecting halos differentyid
satellite galaxies, with assumed lognormal scatter),dgiel fing that it makes little difference.

little difference from the rank-ordering method and very — Tne galax i i
L _ y properties of the secondary are defined at the
small (< 0.1dex) scatter (see e.g. Conroy & Wechsler 2009; time when it first becomes a subhalo — i.e. when the secondary

Wang et al. 2006; Perez-Gonzalez et al. 2008a; Brown et al.,1o mass is its infall/maximum pre-accretion mass (when th

2008; Behroozi et al. 2010). We consider such methodologi-pajg-halo merger occurs). The primary galaxy continues to
cal d|st|nct|0ns_ in €6, and find that they make little diffece obey the normaMgs — Myap, relation for its total halo mass.
to our conclusions. S0 if the Mga — Mhaio relation evolves with redshift, the pri-
, , mary galaxy will lie on the relation defined at the moment the
2.2.2. Attaching Other Galaxy Properties actual merger occurs. The secondary will lie on the relation
If and when other galaxy properties are required as in- defined at the momentofth_e halo-halo merger (the subhalo in-
put for the model, these too are assigned according to ob-Stantaneous mass by the time of merger being much smaller).
servations. For example, in[§5.4 we consider galaxy gasThis is the basis for the rank-ordering method of assigning
fractions. These are assigned to each galaxy according théubhalo populations, and is key to the agreement between the
observed correlations between galaxy gas mass and stelobserved small-scale clustering of galaxies and that ediu
lar mass, which have been quantified at a range of red-by the models here.
shifts fromz = 0— 3. As discussed there, we have com-
piled observations from the available sources, spanniisg th ~ 2.4. Step 4: From Halo-Halo to Galaxy-Galaxy Merger
redshift range and a stellar mass range fribim~ 10% — Of course, a halo-halo merger is not a galaxy-galaxy
10'2M,, (more than sufficient dynamic range for the pre- merger. We need to follow the recent subhalos until the time
dictions of interest here), specifically from_Bell & de Jong when the galaxies themselves will actually merge. There are
(2000);:McGaugh (2005); Calura et al. (2008); Shapley et al. two general methods to do this. The first, and our choice
(2005%); Erb et al..(2006); Puech et al. (2008); Mannucciet al in this “default” model, is to assign a “merger time” — es-
(2009); | Cresci et al. (2009); Forster Schreiber etlal. (2009 sentially, a delay timescale, usually calibrated from the r
Erb (2008)| Mannucci et al. (2009). sults of high-resolution simulations, that representstitime
We find that these observations can be well-approximatedfor orbital decay from the initial halo-halo merger. This is
as a function of galaxy stellar mass and redshift with the fit- the standard approach adopted in many semi-analytic models
ting functions presented |n_Stewart et al. (2009b), andether and models based on the extended Press-Schechter formal-
fore simply adopt those, with a simple lognormal scatter ism. There are different possible choices for this mergee i
term of ~ 0.2dex representative of the observed scatter at aand we will consider several of them i 8 6. For our default
given stellar mass. But adopting any individual measurémen model, we adopt the most common: the dynamical friction
of these quantities instead gives very similar regtlitOf time. Specifically, we use the dynamical friction timescale
for galaxy-galaxy merger with respect to the initial hakleh
11 At z= 0, the gas fractions measured are based on measured atomic

HI gas fractions{ Bell & de Johd (2001) correct this to in@uabth He and and assuming that the= 0 Kennicutt law holds. However other observa-
molecular B; [McGaugh [(2005) correct for He but notyHKannappan tions suggest that it does indeed hald (Bouchélet al.| 200ig) other indi-
(2004) gives just the atomic HI gas fractions (this leadslightly lower rect estimates yield similar resulis_(Cresci el al. 2009nMecci et all 2009).
estimates, but still within the range of uncertainty pldtel, may account Moreover recent observations have been able to directlysaneahe molec-
for ~ 20— 30% of the dynamical mass, per the measurementis_in Jogee et al ular gas content of galaxies at- 2 — 4, and where available these measure-
2005). We emphasize that these gas fractions are loweslifpésed on ob- ments agree very well with the assumigdy M., 2) relations used here (see
served HI flux in some annulus). At= 2, direct measurements are not e.g.[Tacconietal. 2010). We therefore conclude that agthcappropriate
available for most samples; the gas masses from Erb et di6j20e esti- caution is due at high redshift, radical departures fromassumptions are

mated indirectly based on the observed surface densitissaofformation unlikely.
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merger, calibrated as a function of galaxy mass, mass ra-minations of the subhalo merger rates instead of our merger

tio, redshift, and orbital parameters in high-resoluticerger “delay” approach, with each using slightly different medho
simulations ir_Boylan-Kolchin et al. (2008). Specificalhet ologies (see e.d. Stewart ef al. 2009a; Kravtsov et al.|2004;
formula they presentis: Zentner et al. 2005; van den Bosch et al. 2005), and show that

13 they yield similar results to our merger “delay” approach.
ty = 0.0216H 1 (M1/Mg)* exp[197] re(E) 1) We should note that the formula from Boylan-Kolchin et al.
' In(14+Mjy/My) (2008) is calibrated as the total time from halo-halo merger
. to galaxy-galaxy merger in live simulations; thus, it ingtly
whereH is the Hubble constant & M; andM, the halo jncjydes all the effects seen in a full simulation (e.g. @ont

vir

masses at the moment of the han-hananengef,j/jc(E) IS Lous mass loss/stripping of the satellites, resonanttsftec

the standard *“circularity parameter(;f ~ 0.5), andr(E) near-passage of the galaxies, and baryonic effects on the ha
is the circular radius for an orbit with enerdy (trivially los).

related to the pericentric passage distangg/rvir, more Thus, after the convolution with the merger timescale, we

usually quoted). Note that this explicitly depends on the gpiain the rate of galaxy-galaxy mergers as a function of

merger orbital parameters. This allows us to incorporate gajaxy mas#d,, redshiftz, and galaxy-galaxy baryonic mass
the scatter in merger times seen in full cosmological sim- ratio jiga.

ulations. Specifically, the cosmological distribution bkt
orbital parameters; and rperi/ryvir are presented in_Benson 2.5. Step 5 (Optional): Linking Populations Across Different
(2005%); Khochfar & Burkert (2006). Drawing randomly from Epochs

these distributions, we can thus determine some Monte Carlo |t we desire only instantaneous quantities (e.g. the merger

merger populatiolﬂ . ; rate), then what we have already described is entirely suffi-
In general, varying the prescription for the merger “délay, cjent, and we can simply re-initialize the model at any réftish
across the entire physically plausible range, as we ddin 8§ 6.yhere we want to make predictions.
leads to factor- 2 systematic differences in the mergerrate.  powever, we will occasionally desire integral quantities
An alternative approach to following galaxies to their (for example, how many mergers a given galaxy is likely to
galaxy-galaxy merger from the halo-halo merger is to track paye experienced in its history). There are several chaites
the subhalos directly in cosmological simulations. In othe method to calculate these.
words, given some cosmological population of halos, we can  The simplest is our choice in the “default” model. Recall,
follow the bound substructure of the subhalo after an ihitia e only need to integrate quantities such as the merger his-
halo-halo merger, until the subhalo reaches some suffigient 5y statistically And we will quote quantities such as the
small radius or is completely disrupted, at which point we ymper of mergers for the primary branch of the halo merger
define the merger” to have occurred. Given th!s methodol- yree. As such, we can use the fact that for a halo of ivasat
ogy, we can define a “subhalo” merger rate — i.e. a merger; _ o, the median primary progenitor mass at higher redshift
rate of subhalos being destroyed in primary halos (as opbose (\, (M, z)) (and its scatter) is a well-measured function from
to a rate of those subhalos simply “falling into” those h@los  cosmological simulations (in other words, for a halo of mass
If the simulation is sufficiently high resolution, the subha Mo, we know the distribution of progenitor mas3égs(Mo, )

final merger/destruction should correspond closely to the a 4t some highez). We can then integrate over average histo-
tual galaxy-galaxy merger between the primary halo centraljeg for example for the merger rate:

galaxy and the satellite galaxy hosted by the subhalo (actu- dNs
ally, so long as the subhalos are tracked long enough that the _ erger
“remaining” merger time, after subhalo destruction, is Bma (Nmerge(Mo, 1)) = dz (Mh[Mo, 2,2 p)dz. (2)

rel\f\l/tilt\;lest(ljéneaHrgle)glseu:Ié?jeéltjrlyﬁalllsosgglsﬁlrig?ié)n rate from sim-In our default model,. we adopt. th(_a fits to f[he average halo
growth tracks/progenitor mass distribution given as a fionc

ulations, we can convolve with the determinéga — Mhaio o E A :
PTI. : : of halo mass and redshift in_Neistein et al. (2006), caldxtat
distribution and define directly the galaxy-galaxy mergeer to match the results of high-resoluticbhbody simzjlations.

Again we stress thavlna, for the subhalos, as enters into Of course, at each redshiftin the integral above, our steps

this calculation and determinddy, is t|r|1e wfallldobr maxi- he1—4are implicit in obtaining the relevant galaxy properties.
m;fg;(pre;g?géiﬁ'gt?owa\?vié?s Il;tegg;l Gt}rrli Y i I\(jlu rgl'a?igr?et Note that this is effectively the same as beginning with
gaiaxy, p ’ gal " t¥halo some population of halos and evolving them forward along

creted at Some fime n the uiure). a¢ the subhalo istanta e 2VETAE growth tracks definedy above, where we n-
' tegrate the halo mass forward using the merger rates and as-

neous (post-accretion, stripped) mass goes to zero antiee ti  _: p o " —
of destruction/merger. Such an approach automatically ac->9nany shortfall to “unresolved” or “diffuse” accretiasirgce
only mergers with mass ratigs;a 2 10 are of real signif-

ﬁggq:: E)?/Cne l?nézst;m:tesd 'ftgggﬂg?ogfasrléb: g%ﬁrhgmgueélaxjcance here, it makes no difference if this mass technically
Y 9 comes from very small halos or truly diffuse material). This

'e:l’aznfj g;:xsuggﬁlcgfﬁr?]gaéo ;gi;g?sr g][nue Ctgnsg\'/fg?;r r(%:,nvi;heguarantees that the halo+subhalo population matches the to
g y-9 y g Y P 9 {al halo mass function at all times. Re-assigning quastitie

to the resonant effects of baryons, and finite resolution lim . .
its). In any case, in EI6, we will consider several such deter- such asMga(Mnaio) at each time, according to the observa-
tional constraints at each redshift, is equivalent to assiy

12 Note that recently, Wefzel (2010) has shown that theseillisions de- the galaXy some ne.t grOWth. in stellar mass (Star format.ion
pend non-trivially on mass and redshift. However, the saighat depen-  'ate) and gas mass (inflow minus outflow), but without a prior
dence is such that, if anything, the average merger timesealopted hereare 0N how much of each is in a bulge or disk comporfignive
always upper limits. As such, incorporating this more detadependence
only strengthens our conclusions (see our discussiofiin § 6) 13 If, for example via some rapid mergers, a galaxy exceeds the
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can therefore compare the implied growth rate to observa-fraction, and other properties. The large suite of simareti
tions, such as the observed stellar mass-star formatien rat spans the parameter space of interest, so there are good sim-
relation (Noeske et &l. 2007a). For example, the interfplat  ulation analogues to the cosmologically anticipated marge
between HODs at different redshifts implies that the SFR in here, for which we can simply adopt the fits therein to model
star-forming galaxies scales very crudelyad ®3~%® (1+ their bulge formation. _ _ _
2)(15-29 gtz < 2 (with a sharp decline above the turnover | The details are presented in Hopkins etal. (2009b) — specif-
mass~ L,), which agrees well with a number of different ob- ically they provide fitting functions (their Equations 7-0
servational estimates (see ¢.g. Blain éf al. 1099; Noeskke et 2/) that give the exact fraction of both the stellar and gaseo
2007h,a] Papovich et al. 2006; Martin etlal. 2007; Bell &t al. disks converted to bulge, as a function of merger mass ra-

2005%;/ Damen et al. 2009). In fact, a more rigorous compari- g(r)é ggtse:rrr?iﬁgjni’n%nudr %rgg% Qrar‘{gg}e;igiéag gfeagﬁt:;-;é d
son shows quite good agreement — this exercise, for a halo oc= : 9

cupation model that is effectively equivalent to the oneduse a%ainst the supe of.simulagons therein, a”thhOW’? todpro-
here, is presented in_Conroy & Wechsler (2009), who find vide accurate f'ts with 0.3dex ?Qatter ov]?r t h‘? entire dy-
very good agreement both with observations of the integrate ”haf.“'c range o mer%er t_)l/pehs 0 |nhteresth or t | 'S];. paegrl(se;e
SFR versus redshift and the specific SFR in galaxies at dif-teir Figure 16). In detail, the authors there define “bulge
ferent masses. Also, sée Lee 6t al. (2009) land Zheng et al®® the stellar population that is dynamically supportediy d
(2007), who perform a corresponding analysis and obtain sim PE'SION (as compared to “disk” stars supported by rotation,
ilar conclusions. The variation in predictions between our and all cold gas, hence star formation, which is part of the

different models is comparable to that in the different mod- disk). They show that this agrees fairly well with decom-

els considered in these papers. (And recall, at least one Opos@on 9f the olbiervable stellar mass profile into an €xpo-
the mass function fits we adopt throughout is adjusted specif Nential disk and*/*-law bulge. But the bulges thus defined
ically to match the SFR versus galaxy mass and redshift rela-27€ generally “classical” bulges, by various observatideé
tion; as such, agreement with these observations is ensureflitions; as such, this is the “bulge mass” that we predict in
by construction). And despite its simplicity, our approach thiS paper (pseudobulges, in any case, are believed to form
effectively guarantees a match to various other halo occupa Primarily via disk instabilities, which we are not modeling
tion statistics including stellar mass functions and taetion ~ nere). We refer to that paper for the full equations, but in
of active/passive galaxies as a function of mass (Yang et al.2n approximate sense, in a merger of mass rafia frac-

2005 Weinmann et &l. 2006a/b; Gerke éf al. 2007). tion ~ u of the primary stellar disk is violently relaxed and
adds its low-density material to the bulge, and a fraction

~ (1— fgag 1 Of the gas loses its angular momentum and par-
ticipates in a nuclear starburst, adding high-densitybsiiast
material to the bulge. The fact¢t — fy.s) represents the fact
that the gas cannot be violently relaxed as stars are (becaus
it is collisional); rather, it must lose angular momentum to

2.6. Step 6 (Optional): The Effects of Mergers on
Morphology

Finally, we can couple the model to what is seen in high-
resolution simulations of galaxy-galaxy mergers, to sagtwh
effects mergers will have on the galaxy morphologies. the stars (which have a mass fraction in the disk — fga9

In the model here, the galaxies are initially (at high red- _ 4 iy systems with increasing gas fractions, the efficiency
shift) disks; when a merger occurs, we use the model resultsy gas angular momentum loss decreases. This has very im-

from IHopkins et al. |(2009b) to determine how much of the hortant consequences both for understanding what has now
galaxy is converted from disk to bulge. The models used apeen seen in essentially all simulations of sufficientlyhhig
suite of several hundred high-resolution hydrodynamiasim

lations, including star formation, black hole growth, apdd-
back from both to quantify the efficiency of bulge formation
as a function of merger mass raffborbital parameters, gas

Mgai(Mhaio) relation, our model implicitly assumes its growth stallgilthe
halo “catches up”; if it falls below the relation, it expanes the necessary
gas accretion and star formation for itself to catch up.

14 1t is important to use the “appropriate” mass ratio, for whibe
scalings presented [n_Hopkins et al. (2009b) are calibratieddetail, the
authors find that the most dynamically relevant mass ratinois strictly
the baryonic galaxy-galaxy ratigga nor the halo-halo ratigina0. Rather,
the important quantity is the tightly bound material thatvétes stripping
to strongly perturb the primary. Generally speaking, tkighe baryonic
plus tightly bound dark matter mass (the central dark mattass, being
tightly bound in the baryonic potential well, is robust tamgbing in simula-
tions; Quinn & Goodmah 1986: Benson etlal. 2004: Kazantatel.[2008;
Purcell et all 2009). This can be reasonably approximatettheasaryonic
mass plus dark matter mass within a small radius of one NFV¢ $eagth
(rs = rvir/c, wherec ~ 10 is the halo concentration; i.e. a few disk scale
lengths). We find that around this range in radii, our resalésnot very sen-
sitive to the precise definition, and in general, the baryomass ratiquga is
a good proxy for the mass ratio calculated with this baryeimhtly bound
dark matter mass. However, in e.g. dark-matter dominatstesys such as
low-mass disks, the difference is important in particutarthe absolute effi-
ciency of bulge formation. Therefore, since this is whatdimeulation results
are calibrated for, we adopt this mass ratio definition towdate the dynam-
ics in a given merger. However, this is not observable; weefoee present
the predicted merger rates and their consequences in téramsabservable
and easily-interpreted ratipg, (this also makes it possible to compare to

gas-fraction disks (both high-resolution and cosmoldgica
see e.gl_Springel & Hernguist 2005; Robertson et al. [2006;
Cox et al. 2008;_Robertson & Bullock 2008; Okamoto et al.
2005%; Scannapieco etlal. 2008; Governato et al. 12007/ 2008),
and for the global census of bulge and disk popula-
tions and survival of e.g. thin disks (Stewart etlal. 2009b;
Hopkins et al. 2009g). The true scalings are more detailed
(see_Hopkins et al. 2009b) but this represents the important
physics.

In 8[6, we discuss the consequences of using other, less
accurate approximations to the behavior seen in full high-
resolution simulations of galaxy mergers. We find that sglon
as the key scalings with mass ratio are at least qualitgtivel
similar, our conclusions are unchanged.

2.7. Summary

other results in the literature). Again, the qualitativalBgs are the same,
but it is important to use the full information available imetmodel to cal-

culate the merger dynamics. We include all mergers abovenamaim mass

ratio pigal ~ 0.01, although our results are not sensitive to this limit swlo
as itis small.

15 The efficiency of bulge formation does depend on merger airpia-
rameters — namely the relative inclination angles of thegingrdisks — so
we simply draw them at random assuming an isotropic digighuwf incli-
nations (allowing some moderate inclination bias makesifference).
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Together, these simple assumptions are sufficient to defing2006)8 Second, we show the empirical “monotonic” or
a “background” galaxy population. There are degeneracies‘rank ordering” results: it has been shown that good fits to
in the model — however, we are not claiming that this is halo occupation statistics (group counts, correlatiorcfioms
unique nor that it contains any physics other than the num-as a function of galaxy mass and redshift, etc.) over a range
ber and effects of mergers. For our purposes, the precise conof redshiftsz= 0— 4 are obtained by simply rank-ordering
struction of the empirical model is not important — our re- all galaxies and halos+subhalos in a given volume and as-
sults are unchanged so long as the same galaxy mass-halsigning one to another in a monotonic one-to-one manner
mass relation and gas fraction distributions are repradiuce (see e.g._Conroy etdl. 2006; Vale & Ostriker 2006). Here
as a function of galaxy mass and redshift. The importancewe plot the results of this exercise using the- 0 stellar
of all the above is the following(1) Observed galaxy stel- mass functions from Bell et al. (2003). Third, we compare
lar mass functions, the galaxy stellar mass and halo or sub+his to independent estimates of the averlggo(Mga)) from
halo mass relations, and the distributions of galaxy gas fra weak lensing studies in Mandelbaum et al. (2006). Other in-
tions as a function of stellar mass and redshift are all repro dependent constraints give nearly identical results: etties
duced exactly as observed, at all redshifts 0 — 4 where clude halo mass estimates in low-mass systems from rota-
observational constraints exifty constructiorin the model. tion curve fitting (see e.q. Persic & Salucci 1988; Persid.et a
(2) Observed galaxy-galaxy clustering, both on large scales1996; Borriello & Salucci 2001; Avila-Reese et al. 2008), or
(the “two-halo” term, where it is primarily a function of lmal  in high-mass systems from X-ray gas or group kinemat-
mass) and small scales (the “one-halo” term, where it reflect ics (Eke etal. 2004; Yang etlal. 2005; Brough etial. 2006;
subhalo/satellite halo occupation statistics), at thesstifts van den Bosch et al. 2007).
z=0-4, are also reproducdnly construction Since this Because it is the total baryonic mass, not just the stellar
is built into the model explicitly, we do not show such a mass, that matters for e.g. defining the dynamics in a merger
comparison, but Conroy etlal. (2006), Wang etlal. (2006), and(a galaxy can be very massive and, in principle, contain lit-
Zheng et al.[(2007) all show illustrations demonstratingt th tle stellar mass), we will focus throughout this paper ort tha
the simple methodology here yields (again by construction) quantity (Mga and pga). However, Figuréll is qualitatively
excellent agreement with observed galaxy-galaxy coicglat identical if we use just the stellar mabs, instead. In fu-
functions from scales of 50kpc through 10Mpc, at redshifts ture work (in preparation), we will compare the consequence
z=0,1, 2,3 and 4, as a function of galaxy mass or luminos- for the HOD, merger rates, and observable quantities such as
ity, and galaxy color. (3) The only purpose of simulations the merger fraction resulting from different choidds, Mgal,
ultimately, in this model, is (as in all halo occupation mod- Mg €tc. in the definitions of merger mass ratio.
els) to provide a means of linking (statistically) galaxas The second ingredientin predicting merger rates is the-halo
two different times. In other words, knowing the observed halo merger rate determined froNtbody simulations. De-
distribution of galaxy stellar masses and their separatioe fined as the number of halo-halo mergers per primary halo,
use the dynamics which can be followed in the simulation to per logarithmic interval in mass ratj@aio = Mnaia 2/Mhalo 1,
say which of these galaxies will merge in a given time inter- per unit redshift (or per Hubble time), the halo merger rate
val (or again, some statistically approximation such asctvhi  function can be approximated as (Fakhouri & Ma 2008b)
fraction of the systems inside some distance). Likewise, we N 04
can ask where the systems that have such mergers “end up”in__"mewgers g G(z) L exp{ (“ha'o) ‘ }
halo or stellar mass. Halo dlogunalo dz halo 0.1

Together, this defines the suite of models adopted here. This ) )
is, by construction, a minimal model, and may leave out im- In these units, halo merger rates are nearly mass and redshif
portant details. However, in[§ 6, we systematically vary the independentF (Mnaio) &~ 0.03(Mhaio/1.2 x 10'2M,)%% and
model assumptions, and find that our conclusions are robust.G(z) ~ (dé./dz)%3" are weak functions d¥lha0 andz, respec-

3. THE CONSEQUENCES: HOW HALO OCCUPATION STATISTICS tively (In terms of mergers per undime, this rate increases

: : roughly as(1+ z)?). A number of other authors give alterna-

) CH_ANGE GALAXY-GALAXY MERG_ER 3ATES tivegfitsy (se(e e.g). )Stewart et al. 2009a; Genel Ee?al. 2008), bu

Figure[1 illustrates how the combination of halo-halo the salient features are similar: weak redshift and halossmas
merger rates and the observed halo occupation distribdéen  dependence (in these units), power law-like behavior at low

termines galaxy-galaxy merger rates. o mass ratios with a slope of roughlyl. and an excess above
First, we show the halo occupation function itself (top left hjg power-law extrapolation at highhalo.
of Figure[1): for our purposes, this function is summarized  The (fractional) contribution to halo growth from each in-
in the most important quantity, the average galaxy baryonictgryz] is justunai times the merger rate; we plot this quan-
mass hosted by a halo of a given m&&gi(Mnaio). If galaxy ity in Figure[d (top right) as we are ultimately interested i
{/(v)rzrgraét:‘ori]svﬁreeSrtfil\(/:gg;hk;Z ;’)‘l’gzlg :(I:r':i](l)arhy gﬁ%alg;dgx'\)ﬂ/halglaxy which mergers contribute to bulge growth. Because halo-hal
b . - 1
; merger rates go roughly aiN, dlo x re-

mergers would directly reflect halo-halo mergers. However, flect?ng the sh%pe ofgth)e/ halo errwglg/ss fl?#g?ilgn |tl;heallf) (and the
the relation betweeMgq andMna, is non-trivial. nearly scale-free nature of CDM cosmologies), similar mass

We show several observational constraints on this quantity; ; AT )
at redshiftz — 0 (although we note that it is not redshift- |shciontr|buted to the halo from each logarithmic interval in
alo-

independent, according to the observational constrasgs u : : :

' ; ) VO Convolving the halo-halo merger rates with the HOD (i.e.
for the HOD herein). First, the combination of the observed 9 9 (
abundance and CIUSterm.g of gaIaXIG.S of a given mass have 1 These authors and others determine constraints in ternedafygstellar
long been known to set tight constraints Miaio(Mga)). We massM..; where necessary, we use our standard fit to observed gésrisac
show a recent determination of these constraints, from clus as a function of galaxy stellar mass and redshift (sEk § 2ptwent freely
tering and abundance of local SDSS galaxie's in Wang| et al.petween baryonicMga)) and stellar ¥1..) galaxy masses at all redshifts.
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FiG. 1.—Top Left: Halo occupation: median baryonic galaxy mass of the pringafgixy in a halo or subhalo, as a function of that halo or slai$hmass (at
z=0). Forcentralgalaxies, this refers to the total (primary) halo masssttellitegalaxies, to their subhalo “infall” mass (i.e. mass the remihalo had at the
last time it was a primary halo). Dotted line represents maXiy efficient star formationf, is the Universal baryon fraction). We compare empiricalstraints
from clustering [((Wang et 8l. 2006), weak lensihg (Mandetbai al/ 2006), and abundance matching (‘monotonic’,_ Coetal.[2006). Our default model is
constructed to match these constraiffisp Right:Differential contribution to growth from different masgimmergers, i.e. merger rate per logarithmic interval

in mass ratio and unit redshiftNehergerddlogu—1dz—1, weighted byu. Dotted line is for halos or, equivalently, would be for gads if Mgal < Mhalo Were

the actual HOD. Blue solid line is the result ferL. (M. =~ 101*M) galaxies, given the observed HOBottom Left: Cumulative contribution of different
mass ratio mergers to thkee= 0 spheroid mass density (or halo mass density), integratedadi galaxy (halo) masseBottom Right:Differential version of the
same. Because galaxy mass is not simply proportional torhaks, bulge growth is dominated by major mergers while hadarity is contributed to by a wide
range of mass ratios. We focus by, rather than just the stellar malsk. because the former, not the latter, matters for the dynamiasergers; however the
conclusions usin$yl.. are qualitatively identical.

populating each halo with a galaxy of the appropriate mass),and©(x) = 1 for x > 1 (ugq > figa) andO(x) = 0 forx < 1
and the appropriate time lag between halo-halo and galaxy<;, ., < ji5a). Note that this can be defined over the bulge

galaxy me}rgher, V‘l’e obta||n the galaxy- galaxy'\r/lnergel\r/lrate, NOWmass of an individual galaxy, over all bulge mass in galaxies
in terms of thegalaxy-galaxymass ratiqugai = Mgal 2/Mgal 1. in a narrow interval in masilg, or over all galaxies (i.e. in-

:\;Il Flgiu;%%'Mwe cc;]mpare tht's ;utrr]]ctmtn l(levaluatec_i\altr.ﬁ O{J . tegrating over the bulge mass function). We show the [&fter.
gal ~ ©, Wnere most of the Stellar mass in the Uni- - \ya 3150 show the differential version (bottom right): theckr

velrste IS ct(_)ncentrazﬁd) tolthat r(])_bialnetd for halog. s, Fi 1 tion of = 0 bulge mass contributed per logarithmic interval
ntegrating over the galaxy history in our models, Figure 1 o roer mass ratiofduge/d10G/1gat

(bottom left) shows the fraction of the totak= 0 bulge/halo For halos (or equivalently for galaxies if the trivial map-
mass contributed by mergers with a mass ratio above Som%ing Mgas & Mnaio Were true), the distribution of bulge mass
Fgal, 1€ fraction from mergers of different mass ratio is quite broad
1 as expected: only 50% of halo mass comes from mergers
fbulge(> ,Ugal) = m /G(ﬂéal/ﬂgal) dn\aulgea (4)
ulge

17 In principle, some bulge mass could come from redshifts feeéur
, . “initial” tracking of each halo, but in practice at any redshmost of the mass
Whereﬂgm refers to the mass ratio of the merger that formed has assembled relatively recently, so our results do natrdbpensitively on

each differential unit thyyge Of the final bulge masMpuige, the initial conditions.
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with 1 > 0.1. Because halo-halo merger rates are nearly self-
similar, the differential version of this reflects the ingt
neous rate also shown, with similar contributions per labar

mic interval in halo mass ratio. It is still the case, thouidpat

ten 1:10 mergers are less common than a 1:1 merger, meaning
that major mergers dominate (Stewart et al. 2008).

In contrast, galaxy bulge assembly is biased much more
towards high-mass ratio mergers, at leastHotL., systems
which dominate the mass density. This owes to the nature of
halo occupation statistics: at low masses, galaxy massgyrow
rapidly with halo mass (galaxy formation is increasingffj-ef
cient as one moves from low masses closexth,). Upon
reaching~ L., however, star formation shuts down relative
to halo growth — in terms of the HOD, the scaling of galaxy
mass with halo mass transitions from stedg, « M}-5-2°

halo
at low masses to shalloMgs x M22-92 at high masses. In

short, as halos grow in mass pastl0'?M,,, galaxy masses
“pile up” near~ L, (Mga ~ 10'*My), as can be seen in Fig-
ure[d. Since halo-halo merger rates are nearly self-sirimilar
terms of halo-halo mass ratio, the “pileup” of galaxies near
this mass means that a wide range of halo-halo mass ratios
will be compressed into a narrow range of galaxy-galaxy mass
ratios nealqy ~ 1 (see also Maller et al. 2006; Stewart €t al.
2009a| Stewart 2009).

This is a general statement; iany scenario where

Nmergers(>ugal) [ z<2 ]

11
12

0.10
Hqa [Galaxy-Galaxy]

1.0¢

Iog(MhaIO/MQ) M

Mhaio/ Mga has a minimum, the galaxy-galaxy merger rate will

be weighted more towards major mergers than the halo-halo =

merger rate around (in particular at masses slightly aktbwee)
minimum. The minimum iMMhaie/Mgal is empirically well-
established, and occurs nearL,, where most of the mass
density lies. It is therefore inevitable that the contribatto

the integrated bulge mass will be more weighted towards ma-

jor mergers than to the halo mass.

mergers(>p'halo) [ z<2 ]

0.1"

0.10 1.00
Mhaio [Halo-Halo]

FIG. 2.—Top: Median number of galaxy-galaxy mergers sizee 2 above
a given baryonic mass ratja, for az= 0 galaxy of the given stellar mass.

0.01

This is also easily understandable in terms of the mass func-The same mass selection at higher redshift intervals wiltesyatically in-

tions of galaxies and halos. The halo mass function does nof
feature a sharp break, so the mass density of halos is broadl|

grease the number of mergers. The predictions here agréwitvebbserva-

jonal estimates (de Ravel et lal. 2D09; Conselice et al. 206t all[2008).
ottom: Same, for halo-halo mergers. Owing to the shape of the HGO®, th

distributed over several orders of magnitude in halo mass. | merger rate is a steep function of galaxy mass areuid , whereas the halo-

contrast, the galaxy mass function reflects inefficientfstar

halo merger rate is only weakly mass-dependent. Galaxias~né... have

mation at low and high masses, with a sharp break, and sd'ad~ 1 major merger since= 2.

the galaxy mass density is concentrated in a harrow range (
factor~ 3) around the break,. The mass of subunits (which
broadly reflects the global mass function) in halos theeefor
includes contributions from a wide range of mass ratios. In
contrast, the bulge growth of a galaxy is dominated by sys-
tems near~ L,. At massesS a few L., this means major
mergers will be most important. It is not until anL, galaxy
represents a minor merger (i.e. galaxy mags8s.,.) that mi-

nor mergers (again, mergers of thesé., galaxies) begin to
dominate the mass assembly.

4. GALAXY-GALAXY MERGER RATES
4.1. Scaling with Mass and Redshift

We first examine the galaxy-galaxy merger rate, given these

empirical constraints. Figuté 2 shows the number of mergers
as a function of mass ratio, that a typical galaxy of a given

%alo mass ratio, for typical corresponding halo masses. The

two are quite different, for the reasons discussed[ih § 3: es-
sentially, at low massedga Mﬁalo, SO a 1:3punae Merger
becomes a 1:9:3a merger, and merger rates at egeyy

are suppressed. At high mass®g o« M5, and rates are
correspondingly enhanced. At 10'*M., where most of

the spheroid mass density of the Universe resides, the typ-
ical galaxy has experienced 0.5— 0.7 major (uga > 1/3)
mergers sincg = 2, a fraction that corresponds well to the
observed fraction of bulge-dominated early-type systetns a
these masses (see e.g. Bell et al. 2003). At most masses (ex-
cepting the highest masses, where the shape of the HOD
yields a strong preference towards minor mergers), the to-
tal number of mergers witlga 2 1/10 is a factor~ 2 -3
larger than the number withgy > 1/3, and at low mass ra-
tios pgal < 1/10, the merger rate asymptotes to a power-law

z= 0 stellar mass has experienced sinee2. We emphasize ] (025-05)

that this is for a sample mass-selected based on theid with N(> pgal) o Hgal e

masses; a sample selected at the same mass at higher red-Figure[3 shows how the median merger rates evolve with
shift will have a systematically larger number of mergers in redshift, for four different intervals in mass. We compare
a similar time orAz interval (and will be higher mass by the rate of majorgga > 1/3) and major+minoryga > 1/10)
z=0). Below, we discuss how these predictions compare mergers. We also compare different constraints on the HOD,
with observations; the two generally agree well. We com- from fitting different galaxy mass functions and clustering
pare with the number of halo-halo mergers as a function ofdata. Specifically, we show the default model here, where
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baryonic mass iM at each redshift). Solid, dashed, and dot-dashed lineesqmond to three different halo occupation model consgamtcertainties are
small atz < 2. Colors correspond to the range of merger mass ratios.

the functionMya(Mhaio) is determined from fits to observed

clustering, stellar mass functions, and star formatioe dis- TABLE1

. . H [ . OBSERVEDMERGERRATES
tributions in.Conroy & Wechsler (2009); we compare the re-
sults adopting a monotonic ranking between galaxy and halo Reference Selectidn Symbof

mass and using the redshift-dependent stellar mass fuaisctio _
from [Fontana et al! (2006) or Pérez-Gonzalez et al. (2008b). Pa'lfs ,
Further variations are discussed in detail i § 6. Thess-illu Kartaltepe etal. (2007) 20" kpc  blue triangles

.. . i —1 i i
trate the robustness of the model: empirical halo occupatio ';('” ett al" (22882' 2008) g’g,ltpc E:”k C'.rc'les
traints are sufficiently tight that they contributtdiam- uetal. (2004) pe ue aree

chs_ . h y ug y De Propris et al. (2005) 20-1kpc  black asterisk
biguity in the resulting merger rate at< 2. Abovez=2, Bluck et al. (2009) 20-lkpc  orange squares
the results begin to diverge, as the stellar mass function is  Bundy et al. (2009) 2h—lkpc  green stars
less well-determined (and few clustering measurements are  Bell et al. (2006b,a) 26~1kpc  red pentagons
available); however these higher redshifts have relatiittie Morphology
impact on .the pred|ct_|ons at low-The major me[%eggate in- Conselice et al (2009) CAS PIFK'S
creases with mass with a slope of roughly1+2z)~>—=°, but Conselice et al_(2008) CAS blue’s
this is mass-dependent. The evolution in the galaxy-galaxy  Cassata et al. (2005) CAS cyan inverted triangles
merger rate is somewhat shallower than the redshift ewniuti Jogee et al. (2008) visual - pink triangles

f the halo-halo merger rate (which scales with the Hubble Bundy et al. (2005) visual light green stars
0 g Wolf et al. (2005) visual orange diamonds

time) as a consequence of the redshift evolution of the HOD. Bridge et al. (2007, 2010) visual purple squares
. . . Lotz et al. (2006, 2008b) Gini-M20  dark greeris
4.2. Comparison with Observations

In Figure[4, we compare these predictions to observed ma- ! Selection criterion used to identify merger candidates.géir samples, this
jOI‘ merger fractions. As most measurements of the merger ;efers to the pair separation. For_mo_rphological samptethe method used.
fraction do not have a well-defined mass selection, we first ~ Sympol used for each sample in Figiés El& 5.
simply consider a large compilation of observational ressul
compared to the predicted merger rate~of., galaxies. For  the number density of mergers versus mass, at a given red-
now, because we are considering a range of mass and obshift. The agreement appears reasonable, but there isa larg
servational methodologies, we simply convert the predicte scatter in the observations, mostly owing to differentctiba
merger rate to an observed merger fraction assuming a conand merger identification criteria.
stant observable lifetimigy,s, here showing,,s = 0.5 Gyr and We can also compare the predicted integrated number of
tops = 1 Gyr, typical values in the literature. We also compare mergers in Figur€]2 to various observational estimates. For
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line-of-sight velocity separatior: 500kms ™), and stellar
massedM, ~ 1 —3 x 10°°Mg, or M, ~ 0.5—2 x 10" M,,.

For each mass bin, the pair fractions as a function of red-
shift can be empirically converted to a merger rate using the
merger timescales at each radius. Lotz et al. (2008a, Z8P9Db,
specifically calibrate these timescales for the same piegjec
separation and velocity selection from a detailed study of a
large suite of hydrodynamic merger simulations (including
range of galaxy masses, orbital parameters, gas fractimhs a
star formation rates) using mock images obtained by apglyin
realistic radiative transfer models, with the identicatetva-
tional criteria to classify mock observations of the gadeat

all times and sightlines during their evolution. For thigsp
cific pair selection criterion (if we average over the typica
distribution of mass ratios for mergers selected in thisrint
val), they find a median merger timescaléQfger~ 0.35Gyr,

with relatively small scatter and very little dependence on
simulation parametersH0.15Gyr)¥ We use their median
tmerger t0 CONvert the observations to a merger rate. Because
of the weighting over merger mass ratio and orbital parame-
ters, for which the explicit dependence is presented inethes
papers, we obtain the same result (within the observational
error bars) if we convolve our predicted merger rates wiéh th
explicit observable merger timescale as a function of mrerge
gas fraction, galaxy mass, redshift, mass ratio, and drbita
parameters, as presented. in Lotz etlal. (2009b,a). Complete
ness corrections are discussed in the various papers; we als
adopt the standard correction fram Patton & Atfield (2008),
calibrated to high-resolution simulations, for the fraatiof
systems on early or non-merging passages (to prevent double
counting systems on multiple passages); but this is relgtiv
small (20— 40%; see also Lotz et al. 2008a).

FIG. 4.—Top: Major merger fraction of- L. galaxies. Observations (with
the symbol type for each) are listed in Table 1; for now, weatttbem all
the same. Shaded range corresponds to the predicted matgeconvolved
with an observable lifetimgps = 0.5— 1.0 Gyr (color denoted the mass ratio
range, as labeled)Bottom: Integrated merger rate as a function of galaxy
mass az = 0.6 (in absolute units, mergers per Mpper Gyr above some
minimum mass), where observations span the greatest dgrrange. Ob-
servations are frorn_Bell etlal. (2006a, blue squdre), Caeset al. (2009,
pink triangles), Bundy et all (2009, green stars), and Lé&d@zjuan et al.
(2009b, purple circle). Here, morphological samples areveded to rates
with tops = 1 Gyr; pair samples the appropriate timescales for thegrsgion
(see text). Predicted rates agree with those observeddretis considerable
scatter between various observational selection methods.

ratio can be determined, leading to little contaminatiamrfr
minor mergerg) (2) at such small separations, most such
pairs will eventually merge, and (3) there is little ambigui
in the merger timescale, with only a facter10— 20% sys-
tematic uncertainty in the median/average merger timescal
in high-resolution calibrations (with & 25— 50% dispersion

mological variation in e.g. the exact orbital parameters).

identified on the basis of by-eye classification or automated

example[ de Ravel etlal. (2009) use pair-selected samples t orphological criteria such as the concentration-asymmet

. . CAS) or Gini-M20 planes (see e.g. Conselice et al. 2003;
at eM 0 S
estimate that- 20— 25% of theM, > 10.1 Mo pOp.UIat'OEh"’_‘S Lotz et al. 2004). Lotz et al. (2008a) also attempt to cativra
experienced a merger with mass ratio> 0.25 sincez = 1,

Conselice et all (2009) estimate a similar number of mergers 18 The merger timescale from simulations at this radius istshdhan
for M, > 101°M® galaxies sincez = 1 and about again as the time obtained assuming dynamical friction and circoldgits in e.g. an

i _ ; _ isothermal sphere, as has commonly been done (this is adsoreey. both
many sincez .2’ they tal‘lso ];Ir?d tlhat the: m'_IT.beI;tOfl rze(;% Patton et a[. 2002; Kitzbichler & White 2008). This owes toteffects: first,
ers. Increases significantly with galaxy mass. .'n etal. a angular momentum loss at these radi@ dominated by dynamical friction,
estimate that- 54% ofL,. (M. ~ 10'1M,) galaxies have ex-  but rather by exchange in strong resonances that act muo effégiently
perienced a. > 0.25 merger since = 1.2. All of these pre- (even allowing for e.g. mass loss by the secondary insidetineary halo,
dictions can be compared with our predictions in Figure 2

which is of course included in the high-resolution simwas, this has the
. . . : ' net effect of significantly accelerating most mergers).o8dc by these radii,

and they agree well (especially given different methodieleg g ) : gere) f

masses, and redshift ranges involved).

even initially circular orbits have become highly radiaadling to shorter
merger times. Because of these effects, the remaining ménge at this
In order to test more strictly, and to take advantage of whereScale depends only weakly on initial conditions t?]'eﬁmar:’%'&g%r S es
,Obs,ervable merger,t'mescales ha\,/e been rlgorously cedthra orbital g’onfigurariion. This emphasizes the importance ofgutull simgula-
in Figure B we restrict our comparison to galaxy-galaxy merg tions with baryonic effects in calibrating these timessale
ers identified observationally using a consistent methagiol 19 Note that many older studies adopt the galaxy-galaxy lusiipaatio
and covering a well-defined mass range. as a proxy for mass ratio. This is not a bad approximationgnreumerical

: : : : . e : simulations, but could be subject to bias from e.g. difféetrenhancement
First, we consider pair fractions: speC|f|caIIy the frantio in star formation. Obviously it is preferable to use an acstellar mass ratio

of major (uga > 1/3) pairs with small projected separations where possible. Restricting our samples to just studiels stitllar masses,
re < 20h~tkpc (often with the additional requirement of a however, we obtain similar conclusions.

The advantages of these pair fractions are that: (1) the mass

or variation always present about that median, owing to cos-

Second, we consider morphologically-selected mergers,
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FiG. 5.—Top: Predicted merger rate in different stellar mass interealmpared to that inferred from close pair studies (proicte 20h—1 kpc). Observations
(with point types) are listed in Tadlé 1; they are convertecherger rates given the calibration of merger times as d@ifimof pair separation from high-resolution
N-body simulations i Lotz et all (2008a. 20019b,a). We showdefault model, as well as the “instantaneous” calcutatibtained by assuming all galaxies
lie on thez= 0 (non-evolving) SDSS HOD shown in Figuk 1. We also show #seilts froni Stewart et’al. (2009a), using different siniofatmerger rates,
merger trees, and HOD constrainBottom: Morphologically identified merger fraction in the same massrvals, compared with predictions. The assumed
timescale for identification as morphologically disturbed- 1 Gyr, again calibrated from simulations(in Lotz et al. (28P80bservations in this case could be
contaminated by minor mergers; we therefore show both najdrmajor+minor merger fractions. The scatter is larger amphological samples (with some

probably contamination), but predictions agree withinada~ 2.

the observable timescale for classification of major merg- mergers. We therefore compare the predicted merger frac-
ers via the Gini-M20 criterion, at rest-frame wavelengths tion for piga > 1/3 andpga > 1/10. Allowing for this range,

and masses of the observations.
timescaletops(Gini — M20) ~ 1 Gyr, and we adopt that here,

They find an observabléhe observations agree well with the predictions. In partic

lar, the observations using a calibration of Gini-M20 or CAS

but note that the predicted timescale in this case dependspecifically matched to high-resolution hydrodynamic majo
much more sensitively on the depth of the observations, themerger simulations (e.g. Lotz et al. 2008b; Conselicelet al.
waveband adopted, and properties such as the gas-richne2009) agree reasonably well with the prediciegd > 1/3

of the merging systenfd. Moreover, although, by definition,
this methodology is complete to events that have violerifly d

fractions. And external, purely empirical indicators fagon-
ilar merger timescales (see e.g. Conselice 2009).

turbed the galaxy, the level of disturbance at a given merger A quantity closely related to the pair fraction on small
mass ratio depends on orbital parameters and galaxy gas fracscales is the galaxy-galaxy autocorrelation function ¢gpe
tions, so a fixed level of disturbance does not correspond toically that on small scales, inside the “one halo term” where
a fixed merger mass ratio. Some contamination from minor reflects galaxies inside the same parent halo). Effectibéty

mergers is likely. Jogee etlal. (2009) estimate empiridhby
~ 30— 40% of their (by-eye) morphologically-identified sam-
ple represent contamination from/10 < pga < 1/3 minor

20 For the explicit dependence on these parameters,[ see Laliz et
(20091.a). Note that the timescale of 1Gyr here is slighdlyger than the
0.6 Gyr estimated directly from observationsin_Consklicedfd((although
within their quoted & error bars) and in the original Lotz et &l. (2008a) for
radial 1:1 mergers. The difference in the latter owes to #yeddence of ob-
servable timescale on gas fraction as calibratéd in Lote €2@09a) (here we
adopt a median appropriate for the median gas fractionseofnibdel galax-
ies), and from the dependence on merger mass ratio as tediinz_otz et al.
(2009b) (where our value here represents a weighting oeentass ratio
distribution down to mass ratip = 1/3 as appropriate for the observations
here). In any case, the difference is generally smallerthescatter between
different observational estimates.

generalizes the predicted pair fraction fren20h~1kpc to all
scales. But recall, the adopted halo occupation-basecdteth
ology is designed, by construction, to match the observed co
relation functions as a function of mass. Itis thereforergna
teed that the clustering at scalesl00kpc through> 10 Mpc

is reproduced as a function of galaxy mass and redshift (for
explicit illustrations, see e.g. Conroy etlal. 2006; Zhenale
20073 Wang et al. 2006).

4.3. Analytic Fits

It is useful to quantify the predicted merger rates with sim-
ple analytic fitting functions.

First, consider major mergers. We find that the major
merger rate (number gigs > 1/3 mergers per galaxy per
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FiG. 6.— Results of fitting the major merger rate as a function assn
and redshift to a function of the form of Equatibh 5. Liness/korrespond
to different HOD choices, as in Figuref B-beft: Normalization, i.e. num-
ber of mergers per galaxy per Gyrat 0, for galaxies above a minimum
massMpmin. Right: Redshift dependence, i.e. slogeyiven a merger rate per
unit time < (1+2)#, as a function of minimum mass. The mass-dependent
A(Mmin) and 3 can be approximated with Equation16-7, with systematic
uncertainties of (8 dex and @, respectively.

unit time), for galaxies above a given minimum stellar mass
threshold M. > Mmin), can be well-fitted by the following
simple function:

deajor
5 (5)

i.e. az= 0 normalizatiorA(Mmin) and simple power-law scal-
ing with redshift with slope3(Mmin). Figure[® shows these

= A(Mpin) (14 2)?Mmin) [per galaxy]

13

and
Mmin

o )

with similar systematic uncertainties in bof&(Mmi,) and
B(Mmin) to the major merger rate. Note that these equations
should be treated with caution for the most massive systems
— the simple fitting functions do not extrapolate to arbitrar
ily high mass and the direct numerical results (e.g. Figlire 3
should be used.

B(Muin)minor ~ 1.50— 0.25 |og( (10)

5. THE RELATIVE CONTRIBUTIONS TO BULGE GROWTH FROM
DIFFERENT MERGERS

5.1. Overview

Figure[T illustrates how the efficiency of bulge formation
scales in simulations. We show how the aver&j@ re-
sulting from disk-disk mergers scales with mass ratio (ap-
proximatelyga, but see §12), gas fractiofyas and merger
orbital parameters, according to the fits to the hydrody-
namic simulations in_Hopkins etlal. (2009b). To lowest or-
der, as discussed in[§ 3, the amount of bulge formed (the
amount of stellar disk of the primary galaxy that is vi-
olently relaxed, and amount of gas disk that is drained
of angular momentum and participates in the nuclear star-
burst) scales lineaify} with the mass ratio of the encounter,
X pgal. This conclusion — ultimately the important state-
ment for our analysis — has been reached by numerous in-
dependent simulation studies, adopting different methwedo

quantities, fitted to the predictions shown in Figurés 35, a gies and numerical techniques, and naturally follows from
a function of the mas#mi,. The trends discussed above the simple gravitational dynamics involved in violent rela
are evident: the normalization of merger rates increast's wi ation (see e.g. Hernguist 1989; Barnes & Hernquist 1992;
mass, and (albeit more weakly), the dependence on redshifMihos & Hernquist [ 1994b,[ 1996/ Naab & BurKeft 2003;
decreases with mass. This normalization and redshift variaBournaud et &Il 2005; Younger ef al. 2008a; di Matteo ket al.

tion can be approximated with the scalings:

My 0.5
A(Mrmin)major = 0.02 {1+ ( Mm;n) } Gyl ()
and y
i I~ _ min
B(Mmm)major ~ 1.65—0.15 IOg(—MO ) . (7)

whereMp = 2 x 10!°M, is fixed. There is a systematic fac-
tor ~ 2 uncertainty in the merger rate normalizati®dfMmin)
at all Mnyn, considering the range of models discussed in de-
tail in §[@ below. The uncertainty if(Mmin) is illustrated in
Figure[®, approximately a systemati3 ~ 0.15— 0.20.

These fits are for majoruga > 1/3) mergers. To rough

approximation, the number of mergers as a function of mass

ratio scales with the approximate form

dN(> piga)
Tg (8)

(derived and discussed in more detall in Stewart et al. 2009a
This is a good approximation as long as the galaxy is within an
order of magnitude of L. For the range where this function
is a good approximation, it implies an approximately contsta
ratio of a factor~ 2 (0.3 — 0.4 dex) of major+minor fga >
1/10) to major figa > 1/3) mergers.

More specifically, we can fit a function of the form of Equa-
tion[H to the major+minorga > 1/10) merger rate of galax-
ies above somM®nin, and obtain the best-fit scalings

A(Mmin)minor’&“ 0.04 [1+ (Ml\/rrin)O.s} Gyr*l

—-0.3

X g (1- ,Ugal) [per galaxy]

0

(9)

2007; Hopkins et al. 2009b; Cox et al. 2008). In addition, ob-
servational constraints on the efficiency of merger-induce
star formation support these estimates (Woodslet al.| 2006;
Barton et al. 2007; Woods & Geller 2007).

At fixed mass ratio, the bulge formed (remn&jfT) can
vary considerably depending on orbital parameters of the
merger, in particular the relative inclinations of the digfro-
grade or retrograde). This variation is shown in Figlure 7.
However, in a cosmological ensemble, this will average out.
Here, we assume random inclinations, but allowing for some
preferred inclinations amounts to a systematic offset e th
B/T predicted and will not change our conclusions regard-
ing the relative importance of different mass ratios forgaul
formation.

Another important parameter determinirgyT is the
merger gas fraction. To lowest order, angular momentum loss
in gas is suppressed by a factor(1 — fgas); as a result, the
efficiency of bulge formation/T expected for a merger of
a given mass ratio) is suppressed by the same factor. This
can have dramatic cosmological implications, becdysds
a strong function of galaxy mass; these are discussed in de-
tail in [Hopkins et al. [(2009g). Figuid 7 shows the observed
dependence of disk/star-forming galaxy gas fractions el st
lar mass az = 0 andz = 2; if we assume mock galaxies on
thez = 2 relation each undergo a merger of a given mass ra-

21 Note that this refers to the mass fraction which is violengiaxed, thus
adding to the bulge. Disk heating and resonant processesdhaibute to
the thick disk or disk substructure are different. For expiHopkins et al.
(2008Ek) show that disk heating in minor mergers is secoddfoin mass
ratio;[Purcell et 21, (2009) and Kazantzidis €t fal. (2009xtesimilar conclu-
sions (albeit with slightly different absolute normalipatefficiency).
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Fic. 7.—Left: Average bulge-to-total ratiB/T (of theclassicalbulge) resulting from a single merger of mass ratiuga between galaxies with gas fraction
fgas (from simulations in_Hopkins et 5. 2009b). To lowest or@T scales asx piga (1 — fgas). Error bar shows scatter owing to the cosmological range of
orbital parametersCenter: Median observed gas fraction and scatter (error bars) fksddf a given stellar mass at= 0 (blue) from Bell & de Jorig (2001,
diamonds)[_Kannappah (2004, squares),[and McGdughl (200&sy, and az = 2 (red) from Erb et al.[{2006). Solid lines show fits to the naadat each
redshift. Right: Corresponding mediaB/T expected from mergers at= 2 with primary of a given stellar mass and mass ratig (given the observed
(fgad M« | z= 2])). Suppression of bulge formation by gas-richness is ingmbrfior the absolute bulge mass formed (especially at lonsegsbut because it is

uga-independent, does not affect the relative contributiomajor/minor mergers.

tio, then the resultindd/T at each mass is shown. Bulge 1o — - ]
formation will be significantly suppressed by high gas frac- 5 | NS 1
tions in low-mass galaxies, giving rise to e.g. a strong mass g 0.8 AN 7
morphology relation similar to that observed (Stewart et al g i N |
2009b] Hopkins et al. 2009g). However, it is clear in Figdre 7 5 0.6 AR i
that the effect offyasis a systematic offset iB/T, indepen- Ot AN 1
dent of mass ratio. Because in what follows we will generally £ i AN 1
examine theelativeimportance of mergers of different mass T 04 “\ -
ratios (independent of gas fraction), the inclusion or esicn g i log(M/Mg) = M ]
of the effects of gas on merger dynamics makes little differ- < ool 10 S\
ence to our conclusions. T B M\

Given these constraints from simulations on the amount of . i All (Integrated)
bulge formed in a given merger, and the merger rates pre- 00 ———! :
dicted in §2, Figuréld shows the contribution of mergers of 0.01 0.10 1.00
different mass ratios to thee= 0 stellar mass in bulges (as Fig- 1.0 <l
ure[1). We show this for galaxies in a narrow rangeatél 7 3 |
stellar mass around three different values, and for theeenti S osl N i
galaxy population (integrated over bulges of all masse®. W g L ‘\ |
specifically define this as the fraction of bulge mass fornred o 3 | \ |
assembled in mergers that were above a given galaxy-galaxy & 0.6 N R
mass ratiouge. Considering different variations to the em- £ i \ 1
pirical and simulation constraints (se€]§ 6), about-600% ® g4l \ ]
of the globally integrated bulge mass is assembled by major 2 7 N 1
mergersuga > 0.3, with another 30% assembled by minor @ i AN |
mergers AL < pga < 0.3, and the remaining: 0 — 10% from < 02F N H
a wide range of mass rati@ga ~ 0.01—-0.1. 5;3 L AN

Note that, for massive galaxieg & fewL.), where “dry” = ool L DR
mergers become an important channel (assembling mass al- 0.01 0.10 1.00
ready in massive bulges), there is an ambiguity in the foacti Hoa

foulge(> pgar) “contributed” by mergers above a givena.
Figure[8 illustrates this. We therefore introduce the dsti
tion between bulgéormationand bulgeassemblyterms we
will use throughout.

First, formation: we can defin&uige(> pga) as the frac-
tion of bulge mass originalljormed i.e. initially converted

FIG. 8.— Top: Cumulative contribution to origindbrmation of spheroid
mass density from mergers of different mass ratios, fondgseof given stel-
lar mass az =0 (as in Figur&ll). “Integrated” curve refers to the integnadr
all bulge masses (net contribution to global spheroid massity). Bottom:
Same, but showing the contribution to the integrated spti@ssemblyMa-
jor mergers dominate neav L..; minor mergers become more important at
lower/higher masses. Assembly by minor dry mergers (ofdmifgst formed

into bulge mass from disk mass (gas or stars) by mergergh more major mergers) occurs at the highest masses.

with some mass ratipgai. In other words, taking Equatidn 4,
where for each parcel of mass in the final bulgeyg,e), the
“contributing” mass ratit,uéa, is defined bypga Of the merger

merger ultimately brings it into the final galaxy). This quan
tity answers the question “what kind of merger destroyed the

that first made the mass into bulge (regardless of whatevemrogenitor disks of these galaxies?” or “what kind of merger
created most bulges in the first place?”.
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20 much lower mass, since those by definition will contribute li

, tle to the present total mass of the system), the “memory” of
15¢ / early formation or growth at low masses is effectively edase
b y This makes our results robust to details of the model at low
/ vy masses and/or high redshifts, where empirical constraets
more uncertain.

[ Instantaneous at z=0: ' '
log(M/Mg) = \
\

‘ ‘
Afiuige(>Hga) / dI0g(Hga)

\

Integrated Over Full History: ‘\

021 log(M:/Mg) = \ i\
\

\ |

5.2. Dependence on Galaxy Mass
We have shown how the relative importance of different

0.0 I b

o oo Too 001 oo i Mass ratio mergers depends on mass in Fidured B & 9. Fig-
b ‘ Hoa ‘ ure[10 summarizes these results. We plot the me(ligs)
FIG. 9.— As Figurd B (assembly), comparing the full result to mstan- (specifically the mass-weighted medjaga;, corresponding to

taneous calculation from convolving tlze= 0 HOD of[Wang et &1.[(2006) ; ; 0 ;
with instantaneoug = 0 merger rates. Because tsieapeof the merger rate the merger mass ratio above which 50% of the mass in bUIgeS

VErsUSinglo andMga(Mnalo) functions do not evolve strongly with redshitt, ~Was assembled; i.e. whefguge(> 1iga)) = 0.5 in Figure[9)
both yield similar results. as a function of stellar mass, at= 0. We also plot the cor-

respondingt1lc and 10- 90% ranges. As demonstrated in
Figure[9, similar results are obtained with an “instantars2o
calculation; in €6, we show similar results varying a number
of choices in the model.

As seen before, major mergers dominate ned0!®— 3 x
10M,, with minor mergers increasingly important at lower
and higher masses. (In terms of the initial bulge formation,
rather than assembly, the prediction would be the same but
without the “turnover” at high masses — i.e. asymptoting to a
constant(uga)) ~ 0.5 at high masses.) Most of the variance
comes from differences in merger histories at fixed mass. At

Clearly, the two are equal if all bulge mass is formed “in )= . X
situ” in the main progenitor — i.e. if the secondary galaxies @l Masses, the range of contributing mergers is quite large
— there is always a non-negligible contribution from minor

have no pre-existing bulges. Indeed, at low masses, where

most galaxies have little bulge, there is little difference mergers with mass ratios 0.1 0.3.
At high masses, however, there is a dramatic difference. We stress that the turnover at high masses does not come be-

This makes sense: high-mass galaxies grow primarily bycause of fewer major mergers. In fact, we have shown explic-

dry mergers. Galaxies first become bulge-dominated around!Y that the number of major mergers in the primary history
~ L., then assemble hierarchically. Since most bulge massncreases monotonically with galaxy mass. Rather, at high

is first formed around- L., where we see bulge formation is masses, the number of minor mergers increases even faster.

dominated by major mergers, we obtain the result that bulgesThus therelative importance of minor mergers is enhanced

o i ; : ; : t the highest masses (picture for example the growth of a
in high-mass galaxies are primarflyrmedin major mergers. a ; X s oW
However, as they grow in mass via dry mergers, minor merg- BCG via accretion of many satellites in a cluster). This iywh

ers become increasingly important to dmsemblyf the most 1€ turnover would not appear if we made Figure 10 in terms
gf the mass ratios important for bulge formation, instead of

massive systems (minor mergers bring together bulges tha ulge assembly. So we expect these systems to be more bulge

have already been formed). Both definitions are clearly im- dominated as compared oL, galaxies, but with interesting
portant and have their applications; however, becauseyof e. second-order effects in e.g. their kinematics and lighfilgro

the importance for remnant kinematics and growth histories . . : .
we will generally adopt the latter (assembly-based) dédinit shapes that indicate the role of many minor mergers in their
recent history.

in what follows. o

The most important determinants of Figlire 8 aresthepes . .
(logarithmic slgpes), not normalizationss,]'| of the halo neerg 5.3. Dependence on Bulge-to-Disk Ratios
rate versuSunaio and functionMga(Mnao). These shapes Figure[I1 examines how the distribution of contributing
evolve weakly with redshift, as such our results can be measo pga (in terms of bulge assembly) scales with the bulge-to-
ably understood with a simple instantaneous calculatiak- T  total stellar mass ratiB/T of galaxies. At fixed mass, galax-
ing thez= 0 knownMga(Mhaie) alone, we can calculate the ies with higheB/T are formed in preferentially more major
relative contribution to the differential growth rate oflpes mergers, and the trend is similar at all masses. This is the na
atz= 0 as a function of mass (essentially this amounts to ural expectation: a more major merger yields a system with
populating az = 0 simulation with the observed HOD, and higherB/T. BecausgugadNmerge/d10g11gal is NOt quite flat
evolving it forward for some arbitrarily small amountof #n  in puga (rising to largery), and~ 1 significant mergers are
then calculating the relative importance of mergers as e-fun expected since ~ 2 (i.e. at times when the galaxy is near is
tion of their mass ratio). Figufd 9 compares the results from present mass), the locB} T will be dominated by the largest
this simple procedure with an integration over merger lnjsto merger the system has experienced in recent times. Many ob-
(of course, without the full merger history, we can only de- jects all have some amount of bulge built faya ~ 0.1 merg-
fine this in terms of the contribution to bulge assembly, not ers — the question is which will have larger mergers that con-
formation). There is little difference between the two. Be- vert more mass to bulge.
cause at any given stellar mass the most important mergers Figure[I2 summarizes these results, showing the (mass-
are those that happened while the system was relatively neaweighted) median merger mass ratjaga) contributing to
that mass (not mergers that happened when the system walsulge formation as a function dB/T at different stellar

Second, assembly: we can defifagge(> 11ga1) as the frac-
tion of bulge massassemblednto the main branch of the
galaxy by mergers with mass ratios 1ga.  Here, we take
Equation # where, for each parcel of mag§, is defined
by pga Of the merger that brought it into the main progen-
itor branch of the final galaxy. This answers the question,
“what kind of merger brought most of the present-day bulge
together?” or “what kind of merger has affected most of the
mass in the bulge?”.
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FiG. 10.— The relative importance of different mass ratios tigéwassembly as a function af= 0 stellar mass. We plot the (mass-weighted) medgign
contributing to the assembly of bulge mass density (defisgeya where fugd > 1gall = 0.5) as a function of stellar mass, along with the interquaringe
and 10— 90% range (lines bracketing different ranges as labeledzdmtal dashed line denotes the standard “major mergédifiiden 1 > 1/3). Error bars
show the range resulting from variations to the model (dep &6call, the number of major mergers increases monotbnieith mass; the decrease here at
high mass is simply because the number of minor mergersageseyet more rapidly.

masses. At all masses, even masses whergltml bulge — so the major mergers will still dominate bulge formatian (i

population is predominantly formed in minor mergers, galax is unlikely to contrive an environment with so masyl : 10

ies that are bulge-dominated (the E/SO population) are pre-mergers in a short time and no major mergers).

dominantly assembled (and formed) in major mergers. In On the other hand, this implies that minor mergers do dom-

principle ten 1:10 mergers in a short time will form as much inate the formation of bulges ilow B/T galaxies (Sb/Sc/Sd

bulge as a single 1:1 merger. However, 1:10 mergers aregalaxies). This is for the same reason — most galaxies have

not ten times more common, and as such are not an impor-experienced- 1 1:10 merger in recent timeg € 2), whereas

tant or efficient channel for the formation of bulge-domatht  only some fraction have undergone more major mergers. The

galaxies. Recall that the average galaxy still experiences‘traditional” scenario for bulge formation — early formatiin

only ~ 1 minor 1:10 mergers since~ 2 (see Figur¢]3 &  a major merger, followed by subsequent re-growth of a disk

Stewart et al.[(2008, 2009a)); the case of ten 1:10 mergers idy new cooling — is only responsible for a small fraction of

then a~ 5— 100 outlier. Moreover, even if a system has sev- the mass density in disk-dominatBdT < 0.2 systems. Itis

eral such mergers, they will be spaced widely in time (they very rare that a system would have such an early major merger

essentially never occur simultaneously), so the galaxi dis but thennot have a later~ 1 : 10 merger in the Hubble time

will re-grow, reducindB/T after each and offsetting the bulge required to grow the galaxy by a facter10 in mass.

growth from mergers. In contrast; 1/2 of all galaxies un- These results are independent of all our model variations

dergo a single 1:3 merger sinze- 2; these willimmediately (8 [6), so long as we ensure that we reproduce a reason-

form a largeB/T system. In short, minor mergers are sot able match to the observed HOD and halo merger rates. In

much more commothan major mergers as to dominate the fact, these conclusions appear to be quite general, sitoilar

formation of highB/T systems. those found from other models that adopt different modefls fo
This is also important for reproducing the existence ofslisk bulge formation in mergers (see e.g. Khochfar & |Silk 2008;

(especially “bulge-less” disks) — if minor mergers were so Weinzirl et al! 2009).

common as to dominate the formation of higHT systems (if FiguresTl &P also show how, at fix&J T, the contribut-

e.g. half of~ L, galaxies had formed through the channel of ing mass ratio distribution depends on stellar mass. At fixed

~ 10 rapid 1:10 mergers), it would be correspondingly much B/T, the trend with mass is much weaker than seen compar-

more rare for a system to have undergone ¥ewyl1:10 merg- ing all galaxies as a function of mass (Figlré 10). Moreover,

ers, necessary to explain the existence of at least somiéi-sign the trend at fixed®,/T appears to have appositesense: low-

cant number of low-mass systems WB/iT < 0.1. Moreover, mass galaxies requitéghermass ratiq:ga mergers to reach

in practice any system with such an extreme merger history isthe sameB/T. This is priarily a consequence of the depen-

likely to have also experienced an enhanced major merger ratdence of gas fraction on stellar mass and the effects of gas
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FiG. 11.—Left: Contribution of mergers of differentys to bulge assembly
(as FiguréD; differential version), as a function of butgetotal ratioB/T at
fixed galaxy mass. Line type denotes the fiBAI value (as labeled), and
each panel shows galaxies of a different mass. At all massess bulge-
dominated systems are formed by more major mergers. EHigtiand S0's
are dominated by major merger remnants; late-type diskelsudge preferen-
tially formed in situ in minor mergerskRight: Same, as a function of galaxy
stellar mass at fixeB/T (lines denote different galaxy masses, panels show
results for systems with different fin8l/T). At fixed B/T, the residual de-
pendence on mass is weak; low-mass galaxies are more hasaicequire
more major mergers to reach the sa@ .
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FIG. 12.— Summary of FiguleZ11: median mass ratio of mergersiboitt
ing to bulge growth (defined as in Figdre] 10) as a function effthal B/T
and galaxy stellar mass (different lines). Roughly spegkihe correlation
reflects the instantaneous scaling for a single memgT, o pga (as ex-
pected if galaxies grow in a manner such that the most recergars, at e.g.
z < 2, are most important).
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FiG. 13.— As FiguréN, but showing the contribution to bulgengtofrom
mergers with different gas fractiorfgas Top: Integrated distribution (frac-
tion of bulge mass formed in mergers withus above the given value; lines
show results at different stellar masses, with the “allélintegrated over the
entire bulge mass functionfRottom: Same, in differential form (contribution
per unit fgag. We compare the median= 2 gas fractions of disks of the
same mass (diamonds, color corresponds to the mass asdjab&telow-
est order, the gas fractions of bulge-forming mergers simgflect the gas
fractions of disks at the time of merger= 2 is just representative; the dis-
tribution of merger times is broad). The bulge mass densitjominated by
mergers withfgas~ 0.1— 0.2, with a tail towards more dissipational mergers
in lower-mass systems.

on bulge formation (Figurgl7). A low-mass galaxy, being
very gas-rich, might require a major merger to even get to
B/T ~ 0.2 (if, say, fgas~ 0.8) — so low-mass systems will
require more major mergers. On the other hand, mergers in
a massive~ 10'?M, system, being gas-poofgs S 0.05),
will yield B/T > 0.2 for any mergers withuga > 0.2; the
~ 10'?M, galaxies with lowB/T (what few there are) must
be those that had only minor mergers in the last few Gyr.
Overall, however, we wish to stress that systems with large
B/T at low masses and loB/T at high masses are rare —
mostlow mass systems, having o8/ T, have had relatively
more contribution to their bulge growth from minor mergers,
and most higher mass systems, having Hgf, have had
increasing contributions from major mergers.

5.4. Dependence on Galaxy Gas Fractions

Figure[I3 compares the contribution to bulge formation
from mergers not as a function of mass ratio, but as a func-
tion of the gas-richness of the merger, whdygs is here
defined as the sum gas-richness just before the merger (
(Mgas1 + Mgas2)/(Mga 1 + Mga2)). In an integrated sense,
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the mostimportant gas fractions for bulge formationfge~
0.1—0.2. This agrees well with estimates from numeri-
cal simulations of the gas fractions required to form réialis
~ L, ellipticals (in terms of their profile shapes, effectiveirad
and fundamental plane correlations, rotation and higheéem
kinematics, isophotal shapes, triaxiality, and other prtps;

see e.g. Naab etlal. 2006; Cox et al. 2006a; Jesseit et al. 2007

2009;[Hopkins et al. 2008¢,a, 2008t) In a cosmological
sense, it simply reflects the gas fractions~otf., disks, the
progenitors of~ L, ellipticals. We stress that this does not
mean the bulges are made purely from this (relatively small)

gas mass — rather, this represents the typical mass fraction

formed in a central starburst in the bulge-forming merdes; t
majority of the bulge mass is formed via violent relaxatidén o
the pre-merger disk stars.

As a function of mass, the typical merger contributing to

bulge formation is more gas-rich at low masses. But as shown

in Figure[I3, this largely reflects the trend of gas fractiions
late type or star-forming galaxies as a function of mass. At

a given mass, in particular at the lowest masses where gas

fractions can be sufficiently high as to significantly sugggre
bulge formation, there is a weak tendency for the dominant
mergers contributing to bulge formation to be less gas-rich
(since such mergers will, for the same mass ratio, form more
bulge). However, the effect is not large.

An important check of this is that it reproduce the “dissipa-
tional” mass fraction in observed ellipticals, as a functad
mass. This is the mass fraction of the spheroid formed in a
dissipational starburst, rather than violently relaxemhfrthe
progenitor stellar disks. Being compact, this component is
the primary element that determines the effective rado; pr
file shape, and ellipticity of a merger remnant. Hopkins et al
(2009&,e, 2008a) develop and test an empirical method to es
timate the dissipational mass fraction in observed local el
lipticals, and apply this to a wide range of observed ellip-
ticals with a combination of HST and ground-based data
from |[Kormendy et &l. [ (2009) and Lauer et dl. (2007). As
shown therein, resolved stellar population studies yiejot s
porting conclusions. Figufe 114 shows these empirically in-
ferred dissipational fractions as a function of mass, amd-co

Hopkins et al.

Lo Observed fygypaony In Ellipticals: |
L ¢ Kormendy et al. |
081 O Lauer et al. N
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FIG. 14.— Top: Dissipational fraction (mass fraction of bulges formed
in starbursts from gas that has lost its angular momentumeirgens, rela-
tive to the total — starburst plus violently relaxed formesilar disk — bulge
mass) as a function of stellar mass (solid line is the prediatedian; dotted
the +10 scatter). We compare to empirically inferréglssipationaifrom de-
composition of high-resolution surface brightness prsfdad kinematics of
observed ellipticals, presented in Hopkins étlal. (2009aith samples from
Kormendy et al.[(2009) arld Lauer et al. (200Bpttom: Predicted dissipa-

pares the predictions from the models here. The agreementonal fraction from above (solid line), and median gastiat fyas of merg-

is reasonable. Similar conclusions are reached even by mod
els with significantly different bulge formation prescigts
(Khochfar & Silk|2006). Note that the observed systems here
are all classical bulges, appropriate for comparison tgoexr
dictions.

We also compare observed disk gas fractions. To lowest
order, the dissipational fractions simply trace these gas f
tions, but at low masses, the predicted and observed dissip
tional fractions asymptote to a maximum0.3 — 0.4. This is

because angular momentum loss in the gas becomes less effi

cient at these high gas fractions; if the fraction of gasrgsi

a

ers contributing to bulge growth (from Figurel13; dashed)litompared to
observed disk gas fractions (from Figliie 7; points in theesatyle, with val-
ues atz = 0 andz = 2 in blue and red, respectively). Dissipational fractions
reflect the gas fractions of progenitor disks, but with anngstytic upper
limit of fgissipationai~ 0.4 that reflects the suppression of angular momentum
loss in very gas-rich mergers.

tion fgasis NOt~ fgas but~ fgas/ (14 fgas), i.€. asymptoting
to the values observed for dljas~ 0.5—0.9.

5.5. Redshift Evolution: Can Mergers Account for the Mass
. Density in Bulges?

angular momentum scales as adopted here, then the dissipa- At all redshifts, the distribution ofuga contributing to

tional fraction of the bulge formed from disks with gas frac-

22 Recall, this is the gas fractioat the time of the mergeand can be
different from the “initial” gas fraction at the beginning an interaction,
depending on e.g. the efficiency of star formation and stédleadback. For
example, in hydrodynamic simulations of idealized mergétBout ongoing
continuous accretion, a gas fraction at the time of merger @.1 — 0.2
corresponds to an “initial” gas fraction 2 Gyr before merger of 0.3—0.4.

23 |n fact, only mergers with these properties have been showietd a
good match to these quantities: mergers with significatg lor more gas,
as well as secular instabilities and dissipational cotapsve been shown to
yield remnants with properties unlike observed ellipscal

bulges is similar to that at = 0, shown in Figuré 15. The
only significant evolution is that the “turnover” ifuga) at

high masses for the mass ratios contributing to bulge assem-
bly (Figurd 10) becomes less pronounced and moves to higher
masses. Technically, this relates to hblya(Mnaio) (€empiri-

cally constrained) evolves, but physically it is simply end
stood: at higher redshifts, “dry” assembly is less impdztan
so the assemblyuga) increasingly resembles the formation
(uga)) (Figure[8). Byz ~ 2, there is no difference — dry as-
sembly is negligible, and all high-mass, higiiT systems

are preferentially formed in major mergers.
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FIG. 15.— As Figuré_1ID, showing the (mass-weighted) median madiss
Hgal CONtributing to bulge assembly as a function of mass for $esrgt dif-
ferent observed redshifte = 0 — 2 (different lines, as labeled; again the red
horizontal line denotes the traditional major merger dédiniy > 1/3). The
gualitative trends are similar; at high redshifts the bfemkover moves to
higher masses.
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FIG. 16.— Predicted integrated mass density in bulge-donmingtdax-
ies B/T > 0.4; black solid line) as a function of redshift, compared to
observations (points). Observations are from the morghcédly-selected
samples of Bell et al! (2003, black), [Bundy et al. [(2005], 2006, red cir-
cles),[Abraham et &l[ (2007, violet diamonds), and Daddil€P80%, cyan
square), and color-selected samples_of Labbélef al. |(20@&ngsquare),
van Dokkum et dl.[(2006, orange square), and Grazian ¢t@G0.7(2nagenta
stars). We compare the total stellar density observed rigteedashed line;
Hopkins & Beacom 2006). Increasing gas fractions and cgatites at high
redshift suppress the bulge mass density relative to thedtatllar mass den-
sity. The predicted number of mergers is sufficient to actéamthez= 0
and high-redshift evolution in the global bulge mass budget with factor
~ 2 uncertainties.
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Given these predicted merger rates &)@ distributions,
we also obtain a prediction for the mass density in bulge-
dominated galaxies as a function of redshift. Figure

observed.”3 The agreement is good: not only are there a

24 gpecifically, we plot the mass density in bulge-dominateldges,
which is not the same as the absolute mass density in all uigeis closer
to the observed quantity. At high redshifts> 1.5 observed morphologies
are ambiguous; we show the mass density in passively egpteit galaxies
as a proxy. This may not be appropriate, buzat 1 the two correspond
well, and the compactness, size, and kinematics of the Rggissbjects do
appear distinct from star-forming objects (Kriek et al. @(Toft et al! 2007;
Trujillo et all[2007 [ Franx et &l. 2008; Genzel el al. 20085 the observa-
tions in some cases do not distinguish “classical” and “ge&bulges; but as
we discuss in E]7, the latter where measured appear to catetidinly~ 10%

16 com-
pares the redshift evolution of the bulge mass density tb tha

19

sufficient number of major mergers to account for the ob-
served merger fractions, but also to account for the obderve
buildup of the bulge population with redshift. This should
not be surprising, given the agreement with observed merger
fractions demonstrated in[8 4.2 above; Hopkins &t al. (2007a
2008b), | Bundy et al.| (2009), and Bell et al. (2006a) have
demonstrated that observed major merger fractions are suffi
cient, within a factor~ 2, to account for the observed growth
of the bulge population over the same redshift intervaldgiv
the observable lifetime calibrations that we adopt in_8 4.2;
note that some of these works use different merger timescale
estimates and reach different conclusions, but they argigon
tent using auniform, simulation-calibrated timescale). Simi-
lar results as a function of galaxy morphology are suggested
by local observations (e.g. Darg etlal. 2009a). Likewise the
agreement between the predicted integrated number of merg-
ers and various observational estimates suggests thiaus pl
sible (de Ravel et al. 2009; Conselice etlal. 2009; Lin et al.
2008).

For a more detailed comparison, as a function of e.g. galaxy
stellar mass, we refer to_Hopkins et al. (2009g), who use
the same merger rates as modeled here to predict e.g. the
morphology B/T)-mass relation and bulge/disk mass func-
tions as a function of redshift. Provided proper account of
galaxy gas fractions is taken, good agreement is obtained.
Stewart et al.| (2009b) perform a similar calculation (with a
basic criteria for bulge formation), with merger rates iosd
agreement as a function of galaxy mass to those measured ob-
servationally in_Bundy et all (2009), and obtain similar oo
agreement with the bulge mass function as a function of red-
shift. They actually find that bulge mass is somewhat over-
produced, without accounting for the role of gas-rich merg-
ers. |[Hopkins et al. (2008d) and Hopkins et al. (2008b) con-
sider a range of model parameter space (with several of the
specific model variations discussed ifil§ 6) and perform sim-
ilar calculations; they explicitly show the predicted spiié
mass function and mass fraction as a function of stellar mass
halo mass, environment, and redshift, for the different mod
els considered. They likewise conclude that, for all the etod
variations considered (with scatter in merger rates as e fun
tion of mass similar to that discussed below), good agreémen
with the mass function and mass density of classical bulges,
at masses- 10'°M,, is obtained. At lower masses, however,
uncertainties grow rapidly.

Relative to thetotal stellar mass density, the mass density
in bulge-dominated galaxies decreases with redshift. iBhis
discussed in detail in Hopkins et al. (20099), but the red@son
simply that at higher redshifts, higher gas fractions sapgr
bulges (and the suppression moves to higher mass, relative
to the galaxy mass function break. This trend agrees with
that observed and is not trivial (models neglecting the impo
tance of gas-richness in affecting bulge formation efficjen
in mergers, for example, may predict the opposite).

5.6. Analytic Fits

It is convenient to fit the distribution of merger mass ratios
contributing to bulge formation at a given mass. The average
Lgal CONtributing to bulgeassemblyi.e. (uga) where fpyige(>
pga)) = 0.5, as a function oz = 0 galaxy stellar masM,
(Figure10) can be approximated as

1
{higan) = (M. /10"Mg) 95 + (M, /101Mg, )08 *

of the mass density.

(11)
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Ifinstead thea)) contribution to bulgéormationis desired, We have also considered various fits directly taken from
a similar formula applies, but with a weaker turnover at high other sources, including _Yan et al. (2003); Cooray (2005,
M., i.e. 2006); Conroy et al.[ (2006, 2007); Zheng et al. (2007) and
1 Pérez-Gonzalez etlall_(2008a); these lie within the range

(figal) = — (12) shown in Figure_17. Using the HOD predicted by semi-

T (ML /101Mg) 05+ (M, /101 M, )02 analytic models, at least for central galaxies, also appear

In greater detail, Figurés L1312 demonstrate that the 4ypic 10 _give similar results (we have compared the results in
<,Ugal> Contributing to bu|ge assemb|y depends on the bu|ge Croton et al. 2006; Bower et al. 2006; de Lucia & Blalizot

mass fractiorB/T at a given mass. As a bivariate function of 2007); given that these models are constrained to match the
B/T and mass{/qa)) can be approximated by: observed stellar mass function, this appears to be sufficien

for the level of convergence shown.

B 1 13
(1igar) {T} X 1+ (M,/101M)05 - (13) 6.2. Merger Timescales
Finally, knowing(uga)), we find that the complete distribu- ~ In our “default” model, we assume a delay between halo-
tion fouige(> f1ga1) (€.9. FiguréB) can be simply approximated halo and galaxy-galaxy mergers, given by the dynamical fric
by tion time calibrated to simulations (n_Boylan-Kolchin et al
fouige(> figal) = (1— pga)” (14) (2008). We now allow this to vary according to five dif-

i . ferent scalings, described in detail in Hopkins etlal. (21)08
where (sincefpuge(> (11ga))) = 0.5), the slopey is trivially (a) Dynamical Friction: the traditional dynamical friction
related to(yigal) as: time, using the calibration from numerical simulations in

_In2 Boylan-Kolchin et al. [(2008) (see also Jiang etial. 2008).

= . (15) (b) Group Capture: the characteristic timescale for pair-
In (1~ {ugar) pair gravitational capture in group environments, catibda

6. HOW ROBUST ARE THESE CONCLUSIONS? A COMPARISON OF  f0_simulations following. Mamonl(2006) (see also_White
MODELS 1976;| Makino & Hut| 1997)(c) Angular Momentum Cap-

ture: as group capture, but considering capture in angu-
lar momentum space rather than gravitationally, following
Binney & Tremainel(1987)d) Gravitational Cross-Sections:

The relative importance of e.g. minor and major mergers in
bulge assembly owes to the combination of reasonably well-
determined halo merger rates and halo occupation statistic "= ; g ;
Nevertheless, there are still uncertainties in this apgoa Similar to the group capture timescale, this is the timescal
We therefore examine how robust the conclusions here ard©’ gravitational capture between passages in e.g. loose
to a variety of possible model differences. A much more group or field environments, calibrated from simulations in

detailed investigation of e.g. differences in predictedgee  KMVitSKy & Kontorovich (1997). (€) No Delay: simply as-
rates between semi-empirical models, semi-analytic nsodel SUMING galaxy-galaxy mergers occur when their parent halo-
and simulations will be the subject of a companion paper "al0 mergers do. e

(Hopkins et all 2009f). Here, we wish to examine differences _ Although the dynamical friction time is most commonly
arising within the semi-empi,rical framework adopted in e.g. semi-analytic models, each of these tinessca

Figured TJ-I8 compare our “default” model with a number depends on certain assumptions and is relevant in different
of alternatives. For each alternative, we show the the merge "€9imes. A dynamical friction time is appropriate for a sinal
rate as a function of redshift, and the integrated contisput _ d€nse satellite at large radii; it becomes less so at sl ra
of different mass ratiofouge(> figa) t0 bulge assembly (inte- A grq{ﬁp Cﬁpt‘ére. or grawtz_;\tltonfal carIJI'gu_r € Cross Seﬁt'on’ on
grated over all bulge masses). For the merger rates, we als<5hef.°|der and, 1S a{apror?na e for ‘.:OI,',S.'OnS 't” Snﬂ% ?_I?n)lap
compare with the observational constraints: the dotteneg o' "€!d €nvironments wnere “inspiral_Is not well-detinea.
in the Figure shows the approximatd o allowed range from /1€ @ngular momentum calibration from Binney & Tremaine
the observational compilation in Figurig§1-5 (fitting a giec (1987) is more appropriate for satellite-satellite mesgdn

wise broken power-law to the observations), given the nrerge N case, we see the choice makes little difference to our con
lifetime calibrations discussed i 5 4.2 ' clusions. And the range between these choices is generally

The model variations we consider include: much larger than other, more subtle details (e.g. allowong f
' continuous satellite mass loss in inspiral, or resonantdrac
6.1. Halo Occupation Models effects that speed up the coalescence). The reason is simply

Here, we consider an otherwise identical model, but adoptmgtrw:ra;? {ﬁ;]geeilé/ ;%%lﬁfg z;)tir:/featlg){rzgalll%rbrgfer%%z, f%r](\f?;?e
a different set of halo occupation constraints to determine 9 '

M. (Mnaio) (for now, we keeMgad M., ) fixed, but varying that :Inns““i?gl ts"tﬁg is the accretion of such a companion, not the
is very similar to varyind.. (Mnaio)). First, our default model, P :

using the fits from_Conroy & Wechsler (2009). Second, the .
first toM., (Mnaio) and its scatter for central and satellite galax- 6.3. SubHalo Mass Functions/Substructure-Based

ies from the observed SDSS clusteringzat 0 (Wang et al. Methodologies

2006); here, we simply adopt tlze= O fit at all redshifts — we Instead of using a halo-halo merger rate with some “de-
do not allow for evolution. Third, assigning galaxies to ha- lay” applied, we can attempt to follow subhalos directly af-
los and subhalos based on a monotonic rank-ordering methoder the halo-halo merger, and define the galaxy-galaxy merge
(see Conroy et dl. 2006), fitting to the redshift-dependihts  when the subhalos are fully merged/destroyed. This wift sel
lar mass function fronm_Fontana et al. (2006). Fourth, the consistently allow for some distribution of merger times-ow
same, with the mass functions from Pérez-Gonzalez et al.ing to e.g. a range of orbital parameters, and will include
(2008b). satellite-satellite mergers (neglected in our default etlpd
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FiG. 17.—Top: Predicted major merger rateds > 1/3), varying the assumptions in the models (different lin@$ck line is the “default” model assumption.
Red dotted range is the approximate range allowed by olg@rsathe compiled points in Tallé 1 & Figuré 4; for claritye show the range of these points
rather than each individual measuremerpttom: Corresponding cumulative contribution of different maatior mergers to the assembly of the bulge mass
density (as Figurgl8, integrated over all bulge masdesf}: Changing the halo occupation constraints: the three casasFigurd 8 are shown, together with
adopting the = 0 SDSS fits fromh Wang et al. (2006) at all redshiffenter: Changing the merger timescale between halo-halo and gakbaxy merger: using
dynamical friction times (calibrated in Boylan-Kolchin &t[2008); angular momentum-space capture cross sectmmEinney & Tremaine (1987); collisional
group capture cross sections from Maimon (2006); gravitaticapture cross-sections for field/small group crossiraya Krivitsky & Kontorovich (1997); or
no delay. Right: Tracking subhalos to assign merger times or using subhags fieactions instead of halo merger trees as a starting: pasitig the subhalo
merger trees from cosmological simulations in StewartqP8I093); adopting the subhalo mass functions from siraugin Kravtsov et &ll (2004); or the same
from extended Press-Schechter trees constructed foligman den Bosch et al. (2005).

which |Wetzel et al. | (2009a) show can be important at the that from the extended Press-Schechter formalism coupled
~ 10— 20% level independent of halo mass. to basic prescriptions for subhalo dynamical evolution, de

Here, we compare our default model to those obtainedscribed in_van den Bosch et al. (2005). Alternative subhalo
tracking the halo+subhalo populations in cosmologicalsim mass functions from e.g. De Lucia et &l. (2004); Gao et al.
ulations from_Stewart et al. (2009a) (populating subhates a (2004); Nurmi et al.[(2006) are consistent.
cording to our default HOD). Wetzel etlal. (2009a,b) also an-
alyze subhalo merger rates, with a different methodology. 6.4. Halo Merger Rates
They reach similar conclusions, but with a systematic facto
~ 1.5— 2 lower merger rate. As they discuss, this is quite
sensitive to how one defines e.g. subhalo versus friends-of
friends group masses; some of those choices of definitidn wil
be “normalized out” by the appropriate HOD (renormalized
for whatever subhalo populations are identified in a simula
tion so as to reproduce the observed clustering and mass fun
tions), but it also reflects inherent physical uncertagitiethe
instantaneous mass and time of subhalo merger.

We also compare with the results using the differ-
ent subhalo-based methodology described in_Hopkins et a
(2008d) (essentially, beginning from the subhalo mass-func
tion constructed from cosmological simulations and evolv-
ing this forward in short time intervals after populating it
at each time, according to the HOD constraints). We com-
pare two different constructions of the subhalo mass func-
tions: that from cosmological dark-matter only simulaton
in [Kravtsov et al. [(2004) (see also Zentner et al. 2005) and

We can next vary the halo-halo merger rates adopted.
Our default model uses the merger rates in Fakhouri & Ma
(2008b), calibrated from the Millenium dark-matter onlyseo
mological simulation/(Springel et al. 200%c, 2006). Sinae w
_use the full history, this is equivalent to the “per progeriit
dnerger rates defined from the same simulatian in Genel et al.
(2008). An alternative dark-matter simulation, of comdea
resolution, with halo merger rates determined using ardiffe
methodology, is described iin_Stewart et al. (2009a). Anothe
|is found in| Gottlober et al. (2001) (see also Kravtsov et al.
2004 Zentner et al. 2005); they quantify the fit separately t
field, group, and cluster environments.

We can also compare with the merger rates from
Maller et al. (2006), determined from cosmological hydrody
namic simulations. Although it is well known that, without
proper implementations of feedback from various sources,
cosmological hydrodynamic simulations yield galaxiesttha
suffer from overcooling (and do not reproduce the observed
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Fic. 18.— Figurd_1l7, continued.eft: Changing the halo-halo merger trees: our default choic fitte Millenium simulation analyzed in_Fakhouri & Ma
(2008b); numerical trees from an alternative high-resmfutosmological simulation_(Stewart ef lal. 2008. 2009agneological DM only simulations of field,
group, and cluster environments (as labeled; Gotfti6bell B0A7); or merger rates from cosmological SPH simulatitirecking galaxy-galaxy mergers but
still re-populating them appropriately for the observed B{®aller et al. 2006, upper and lower correspond to theihtagd medium-mass primary sample,
respectively).Center: Changing the cosmology: our default WMAP8, og)=(0.27, 081) cosmology, versus a WMAP1.2¥, 084), WMAP3 (027,077),
and “concordance” (@, 0.9) cosmology.

halo occupation statistics), the galaxies in these sirmulat  effect is the predicted halo mass function shifting to highe
can still serve as “tracers” of halos and subhalos. This pro-masses with largess. However, because we use a halo
vides a means to avoid the considerable ambiguities in defin-occupation-based approach, the model is re-normalized to
ing a halo merger (moreover in considering the delay betweenyield the same observed galaxy mass function and clustering
halo-halo and galaxy-galaxy mergers). Although the galaxy so these differences are largely normalized out. Elahilet al
massesnay not be correct, they are still tracers of where in (2008) show that the quantity of greatest importance for our
the halo real galaxies should be, and therefore can be usedonclusions, the normalized substructure mass function or
to measure the halo merger rate. We do so by recalculatingequivalently) dimensionless merger rate (mergers pev hal
their merger rates after re-populating the galaxies approp per Hubble time per unit mass ratio) is almost completely
ately (essentially renormalizing their predicted mas<fiom independent of cosmological parameters including e.g. the
to match that observed). power spectrum shape and amplitude over the range of
variations here (not until one goes to much larger effective
6.5. Cosmological Parameters ns ~ 3 does one see this function change shape).

We can also vary the cosmological parameters . .
and see if this makes a significant difference to 6.6. Bulge Formation Prescriptions
our conclusions. We consider four sets of cosmo- We can also consider variations in the physical prescriptio
logical parameters: a “concordance” model with by which bulge mass is formed in mergers. Obviously this
(M, Qa, h, 08, ns)=(0.3,0.7,0.7,0.9,1.0), the WMAP1 will not change the merger rates, but it could change the rela
(0.27,0.73,0.71,0.84, 0.96) results ot Spergel et al. (2003), tive importance of mergers of different mass ratios. Howeve
WMAP3 (0.268 0.732 0.704,0.776,0.947) (Spergeletal. we are tightly constrained by the resultsfbody simula-
2007), and WMAPS5 (0.274 0.726,0.705,0.812 0.96) tions; since the physics determining gas angular momentum
(Komatsu et al. 2009). It is prohibitively expensive to terr  loss and violent relaxation are predominantly gravitadlon
the simulations for each case, and moreover the qualitativethere is little uncertainty in how much bulge should be fodme
behavior is not expected to change (seen in e.g. lower-in a given merger (given the appropriately normalized ahiti
resolution dark-matter simulations). We simply renorz®li  conditions of interest). Still, there are some differenodit-
the halo masses at all times to match the halo mass functiorted prescriptions: we have re-calculated the results fram o
and accretion history appropriate for the revised cosmcoédg  default model according to the approximate results of simu-
parameters (see e.g. Neistein etlal. 2006) — the dominantations from Naab & Burkert (2003) and Naab et al. (2007),
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as well as Bournaud etlal. (2005) and di Matteo et al. (2007). straightforward set of predictions for how much bulge skoul
We have also used the fits to the same suite of simulationsbe formed in a given galaxy-galaxy encounter. To lowest or-
in Hopkins et al. [(2009b) as presented_in Cox etlal. (2006b)der, the amount of bulge formed scales linearly in the merger
and Cox et al.[(2008). Note that the results in several oithes mass ratio, close to the maximal efficiency possible for mino
works do not necessarily include a complete survey of param-mergers|{(Hopkins et al. 2009b).

eters such as e.g. mass ratio, orbital parameters, andagas fr Meanwhile, observations are converging on relativelyttigh
tion; where not given we interpolate between the results pre constraints on halo occupation models: namely, the stfdr
sented based on the model outlined in Hopkins et al. (2009b).gas mass of the average galaxy hosted by a halo/subhalo of a
In any case, the differences in quantities such as the absogiven mass. The correlation between galaxy stellar mass and
lute bulge mass (especially in gas-rich, low mass systents) a halo mass is monotonic and, to lowest order, amounts to a

dissipational fractions (fraction of mass formed in stasbsl
rather than violently relaxed from stellar disks) of eligatis
can be non-negligible, but the relative contribution of anaj
and minor mergers is almost identical.

This will be true, it turns out, in any model where the
amount of bulge formed in a given merger scales roughly in
linear fashion with the mass ratio. As such, even highly sim-
plified models which ignore the role of gas fraction and aibit
parameters, and/or only violently relax the primary in majo
mergers (but do destroy the secondary in minor mergers), wil
still obtain the same qualitative featuresfige(> 1tgal); S€€
e.g.Khochfar & Silk|(2006).

6.7. Combinations of the Above: Typical “Scatter”

simple matched rank-ordering of the two, with small scatter
(e.g/lConroy et al. 2006).

7.2. Conclusions

This convergence makes the time ripe to examine the
consequences of galaxy-galaxy mergers on bulge forma-
tion. To good approximation, the salient features of the
merger rate distribution can be captured by convolving the
theoretically determined halo-halo merger rate with the
empirically determined halo occupation statistics. Gitlga
simple, well-constrained approach, there are some robust
predictions that are insensitive to most if not all modeébilst

(1) Major-merger {iga > 1/3) remnants dominate the

We have considered various permutations of the abovejntegrated mass density of merger/interaction-induced

models, amounting te- 700 total models; our conclusions
are robust to these combinations. The interquartile ramge b
tween this sampling of models lies within the observatignal
allowed range in terms of the merger rate, and yields very lit
tle scatter infpuige(> ftgal)-

bulges at all redshifts(Figures[#-Ill). Minor mergers
(1/10 < pga < 1/3) do contribute a significant, albeit not
dominant, fraction{ 30%) to the assembly of the total mass
density. More minor mergersga < 1/10 are not important
(contributing< 5— 10%).

To the extent that comparison of these models can be con-

sidered “scatter” or reflective of uncertainties in the ttetio

cal predictions, the corresponding typical “uncertasitiare

as follows: around- L, and at slightly higher masses, uncer-
tainties are small — a factor ef 1.5 in merger rates (&< 2;
uncertainties grow at higher redshifts as in Figlfe 3) and
smaller infbu|ge(> ‘LLga|), with fbu|ge(‘uga| > 1/3) ~ 60— 80%.

(2) This statement is significantly mass-dependent (Fig-
ured 9-10). Although the relative major/minor contribuatio
halos is nearly mass-independent, the mass-dependent HOD
shape leads to a galaxy mass dependence: major mergers
strongly dominate bulge production around.. (where most
of the bulge and stellar mass density of the Universe lies). A

At factors less than a few h|gher and lower masses, these UnmasseK< L*’ merger rates at all mass ratios are Suppressed'

certainties increase to a facter2 in merger rate, and factor
~ 1.5 in the importance of major versus minor mergers. At
much lower masses<(10°M), uncertainties in both grow
rapidly — here, the halo occupation statistics are not glyon
constrained. Moreovelqq is thebaryonic(not just stellar)

and minor mergers are relatively more important (since
Mgal x M2,,, at these masses, approximately, a 1:3 halo-halo
merger becomes a 1:9 galaxy-galaxy merger; so all mergers
are shifted to lower mass ratio, suppressing the number at
some fixeduga and relatively suppressing major mergers).

mass ratio, and systems at these masses are increasingly gagt higher masseg L., merger rates are higher, and major

dominated, so uncertainties MgaM..) can strongly affect
our predictions.

7. DISCUSSION
7.1. Approach

mergers are relatively more important (hevigy o Mﬁé,zo

so a 1:9 halo-halo merger becomes a 1:3 galaxy-galaxy
merger; making mergers at all significant mass ratios more
abundant and relatively increasing the importance of major
mergers). This is true untit a fewlL,, where minor mergers

We have used an extensive set of models to examine galaxyagain become relatively more important owing to the rapid

galaxy mergers and to identify robust predictions for tHe re
ative importance of mergers of different mass ratios fogbul

formation. Although halo-halo merger rates have been rela-

tively well-understood, mapping halo-halo mergers to ggla
galaxy mergers is not trivial. There can be significantly
more or fewer major or minor galaxy-galaxy mergers, rela-
tive to halo-halo mergers; likewise, bulge growth can be dom
inated by preferentially more major or minor mergers than th
growth of the host halo.

However, there is hope. Numerical simulations are con-
verging in predicting how the efficiency of bulge formation

scales with merger mass ratio (and what the “appropriate”

dropoff in the number of “major” companions (equivalently,
since most of the galaxy mass is concentrated near,,
most of the incoming mass density is weighted near this
region as well, which is a major merger gta fewL, and
minor merger above). These trends are quite general, and
the relative “increased weight” of major mergers will occur
wherever the “mass-to-light ratio” or formation efficiency
Mhalo/Mgal has a minimum- L,.).

(3) For massive galaxies, there is a difference between
the mass ratios important for buldermation (the mergers
which initially converted some disk mass into bulge mass)

mass ratio to use in these calculations should be), giving aand those important for bulgassembly(the mergers that



24 Hopkins et al.

brought together the present-day bulge from any combinatio  (6) The predicted major merger rate (mergers per galaxy
of pre-existing bulges and/or disks). At low masses, the two per Gyr) agrees well with observed merger fractions from
are equivalent (they are only different where “dry mergers” z~ 0— 2 (Figured #-b) when one accounts for the observ-
are significant). At high masses, the description aboveable merger timescale determined by applying Hane
applies to assembly. Most mergers optol,. systems are of  observational methods directly to high-resolution gataxy
already bulge-dominated galaxies (i.e. dry), systems lwhic galaxy merger simulations (see €.9. Lotz et al. 2008a). The
first turned their disk mass into bulge (“formed” the bulges) corresponding rate is- 0.5 major galaxy-galaxy mergers
at progenitor masses nearL,, where major mergers are per central galaxy per unit redshift (in these units, nearly
most efficient. As a consequence, most bulge mass at alredshift-independent), aroundL,, and is mass-dependent as
> L, masses igormedin major mergers (albeit again with  per conclusior(2): half to two-thirds of the~ L, population
non-negligible contributions from minor mergers); howeve has had a major merger sinze 2, but the fraction is a factor
bulges are assembled in increasingly minor (dry) mergers at~ 3—5 lower at an order-of-magnitude lower stellar mass,
larger masses. and becomes one (with many galaxies having a couple such
mergers) at a factor of a few higher stellar mass (Figures 2 &
(4) The relative importance of major and minor mergers [6). The merger rate as a function of galaxy-galaxy baryonic
is also significantly morphology-dependent (Figufeg 11- mass ratiqqa, redshiftz, and primary stellar madd.. can be
[12). Bulge-dominated (E/SO d8/T 2 0.4) galaxies are  reasonably well fit by the simple functions in Equatiblis 5-10
preferentially formed in major mergers; later-type (Sth/c/
or B/T < 0.2) galaxies are preferentially formed in minor  (7) Integrating over all mergers, the predicted merger rates
mergers. Despite the fact that simulations show that erg. te yield good agreement with the growth of the mass density
1:10 mergers can yield just as much bulge mass as one 1:1n bulge-dominated galaxies, from redshifts- 0 — 1.5 and
merger, cosmological models show that theyraoten times (to the extent that color and morphology are correlated) the
more common. Moreover, this many minor mergers would passive/red sequence population from redstifts 0 — 4
have to happen in a time much less than a Hubble time in(Figure[16). The typical uncertainties in both theory and
order to successfully build a bulge-dominated galaxy, and observations are at the facter2 level; this is an interesting
this scenario is very unlikely (even at high redshift; minor range discussed below.
merger rates may increase, but so do major merger rates).
However, since just one or two 1:10 mergers are sufficient to
account for éB/T < 0.2 bulge, this is a common formation 7.3. Robustness
channel for small bulges, in particular more common than a We have examined how these conclusions depend on a va-
major merger at high redshifts that destroys the entire diskriety of choices, including the empirical HOD constrairite
followed by a factor of~ 10 subsequent disk re-growth (even global cosmology, halo merger rates, substructure trggkin
if this occurred, it would take- a Hubble time, in which time ~ and merger timescales, and find that they are robuist (§ 6; Fig-
a 1:10 merger would be very likely, and that merger would ured11-1B).
then dominate the final bulge mass). To lowest order, bulges Varying the halo occupation model within the range al-
of systems of bulge-to-total ratiB/T are characteristically lowed by observations including weak lensing, clustering,
formed in mergers of mass ratiga ~ B/T (Equatiori 1B). group dynamics, and abundance matching methods all yield
similar conclusions. A very different halo occupation mipde
(5) Gas-richness, with high gas fractiofig.s 2 0.5, can for example simply assuminggal o< Mhaio, would yield very
dramatically suppress thglobal efficiency of bulge forma-  different conclusions, but observational constraintssafé-
tion (from mergers at all mass ratios), and the important ciently tight that within the range allowed, resulting \&ions
implications of this for establishing the morphology-mass are small. Varying the cosmological parameters primafily a
relation and allowing for a significant population of low fects the absolute abundance of halos of a given mass, not e.g
B/T systems is discussed in_Hopkins et al. (2009g) and the shape of the merger rate function, and since the observed
Stewart et al.[(2009b). However, it does not affect the nmrerge galaxy mass function is fixed, this difference is simply fadd
rate, and because the effects are not mass ratio-dependerifito the halo occupation model and does not change our con-
it does not significantly affect the relative importance of clusions.
major/minor mergers. Because low-mass galaxies are typ- Halo-halo merger rates, likewise, are sufficiently coneerg
ically more gas-rich, they require somewhat more violent between different simulations such that they yield no large
merger histories to reach the saB¢T as a comparable differences. However, a halo-halo merger is not a galaxy-
high-mass galaxy (Figurds111312). To lowest order the galaxy merger. Typically, one attempts to better approiéma
gas fractions of progenitor galaxies that contribute to the the latter by adopting either some merger timescale, repre-
observed bulge population, and the fraction of bulge masssenting a delay corresponding to subhalo orbital decayéefo
formed dissipationally (by gas losing angular momentum in the galaxy-galaxy merger, or by following subhalos dingttl
mergers and forming stars in concentrated nuclear stasurs high-resolution cosmological simulations. One can als® us
simply reflect the cosmological average gas fractions of galaxy-galaxy mergers identified in cosmological hydrody-
progenitor disks corresponding to the same stellar mass anghamic simulations, after re-normalizing their masses teag
assembly times (Figurésif3114). We have included the sffect with empirical constraints. Considering variations inteat
of gas on merger dynamics because it is known to be verythese choices, we find that they have little effect onsthape
important; however, given the above, our key prediction in of the merger rate function, hence little effect on the redat
this paper specifically would be not be dramatically changedimportance of major/minor mergers. Further, some apparent
if we ignored these effects throughout. differences in the resulting merger rate owe purely to defini
tions, and are implicitly normalized out in the HOD. Never-
theless, these different approaches do yield importatesys
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atic differences in thabsolutemerger rate, at the facter 2 Convergence in predicted merger rates among different the-
level. oretical approaches, at the facter2 level or better, is a re-
Independent models adopting the halo occupation method-markable achievement. Unfortunately, obtaining greater c
ology described here also obtain results in good agree-vergence in theoretical predictions will be difficult. Agpig
ment (see e.g. Zhengetal. 2007; Brown et al. 2008; constraints from empirical halo occupation approachegyjo e
Pérez-Gonzalez etlal. 2008a; Stewart et al. 2009a). How-cosmological simulations and semi-analytic models is impo
ever, models that attempt to predict galaxy formation and tant. Tighter observational constraints on the halo octopa
merger rates in an a priori manner, such as e.g. cosmologidistribution, in particular at low masses and at high refishi
cal hydrodynamic simulations and semi-analytic modelgeha  will allow semi-empirical models such as those in this paper
reached various mixed conclusions — some in agreement withto greatly extend the dynamic range of predictions (as veell a
those here, some not, with significantly larger variation in putting strong constraints on a priori models for galaxy for
the predicted galaxy-galaxy merger rates than the fact@r mation at these masses and redshifts).
above (compare e.g. Weinzirl et al. 2009; Parry et al. 2009; However, we have shown that these differences only ac-
Maller et al.| 2006] Naab et al. 2007; Governato et al. 2007; count for a fraction of the scatter in theoretical predietio
Guo & White|2008; Somerville et &l. 2008). The origins and — subtle details of how e.g. halos are defined and followed
implications of these differences is examined in detail in a become important at this level. Moreover resolution lim-
companion paper (Hopkins et al. 2009f). its and the absence of baryons in simulations (which does,
However, the important point for our conclusions is that at the level of uncertainty here, have potentially impartan
these methods are fundamentally different; they are noteffects on the longevity and merger timescales of subhalos;
strictly tied to observed halo occupation constraints etz see e.gl Weinberg etlal. 2008) limit all theoretical models.
models here. As such, they can yield very different predic- Ideally, high-resolution cosmological hydrodynamic siezu
tions. For example, it is well-known that cosmological sim- tions could form the basis for halo occupation models: avoid
ulations without feedback yield efficient star formatiora#t ing ambiguity in identifying a galaxy-galaxy versus halaln
masses, such that the predicted halo occupation has a forrmerger by simply tracking the galaxies (even if their abso-
more like Mga o< Mhaio , and so galaxy-galaxy mergers will, lute masses are incorrect, and they need to be “repopulated”
in such a model (without re-normalizing masses) trivialy r  in post-processing). Although some steps have been made in
flect halo-halo mergers. Some semi-analytic models, mean-his direction, it remains prohibitively expensive to siate
while, have well-known discrepancies between predicted an large volumes at the desired high resolution with gas plysic
observed populations of satellite galaxies, which propaga  Itis also unclear whether a merger rate alone is meaningful
to the predicted merger rates. It is increasingly clear thatat an accuracy much better than a faetd?. At this level, the
these semi-analytic models have considerable difficulty re question of e.g. the “proper” mass ratio becomes important
producing the observations of the merger history (generall (see e.gl._Stewart 2009). What matters, in detail, for galaxy
with the sense that the semi-analytic merger rates/frastio dynamics and the effect of a given merger is a combination of
are lower than those observed; see e.9. Jogeeletall 200&everal quantities in the merger “mass ratio” — includirgst
Bertone & Conselice 2009; Lopez-Sanjuan et al. 2009a). Ingas, and the tightly bound portion of the halo that has been
Hopkins et al. [(2009f), we show that this indeed primarily robust to stripping; as such, the halo structure and hisasy
owes to well-known mis-matches between the predicted-satel well as effects such as adiabatic contraction, become impor
lite galaxy properties and galaxy mass functions in thes#-mo tant. Moreover, at this level, the orbital parameters, xgala
els, and those observed. As such, the semi-empirical apiproa gas fractions, and progenitor structure (relative butgeisk
can perform much better in explaining the observations (of ratios and disk scale lengths) become non-trivial coroesti
course, the model here cannot predict satellite propesies to the estimate of the effects “per merger.” Without models
can a semi-analytic model, but that is not its purpose). By for all of these details, a merger rate constrained to antilgr
adopting the halo occupation constraints directly from ob- high accuracy does not necessarily translate to a bulgesform
servations, the semi-empirical model simply bypasses a mation model with accuracy better than a similar factoP.
jor, well-known theoretical uncertainty in attempts to ¢lice In the meantime, however, there is considerable room for
merger rates directly from semi-analytic models or cosmo- improvement in the comparison of model predictions and ob-
logical simulations. This does not mean the answer is “built servations of the merger rate. The formal statistical srror
in” implicitly somehow in our models here — what it does in observed merger and close pair fractions are rapidly de-
mean, however, is that the apparent discrepancy between obkereasing; even including cosmic variance, such obsemnatio
servations and other predictions of the merger rate owes noat z~ 0— 1.2 are converging to better than a factor-of2.

to some fundamental problem ACDM, but rather to well- However, as shown in Figufé 4, simply putting all such ob-
known difficulties in properly modeling the accretion anafst ~ servations on equal footing yields order-of-magnitudéteca
formation histories of galaxies. similar uncertainties plague the conversion of these dpigst

Carefully accounting for these distinctions, the diffenen to merger rates (and it is further unclear what the sensitiv-
sults in various models can be understood. And in fact, de-ity is to different mass ratio mergers). This is an area where
spite differences in some quantitative predictions, mdilye considerable improvements can and should be made: most
qualitative conclusions are the same; Parry et al. (2008) an of the differences in observational estimates are attulilet
Weinzirl et al. (2009) demonstrate that different SAMs feac to different methodologies, observational depth, andctiele
similar conclusions regarding how merger rates and the rel-effects. The conversion of some specific pair or morpholog-
ative importance of major versus minor mergers scale as aically identified sample to a merger rate should be calildrate
function of e.g. galaxy stellar mass and redshift. to suites of high-resolutioN-body simulationsspecifically
with mock observations matched to the exact selection and
methodology adopted

7.4. Outlook and Future Work Moreover, the merger rate is predicted to be a non-trivial
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function of galaxy mass: many samples identifying merger|1992; | Schweizer _1992; Bournaud et al. 2005; Naablet al.
fractions have ambiguous luminosity selection; what is ul- [2006; Naab & Trujillol 2006| Cox et al. 2006a; Jesselt et al.
timately necessary are samples with well-defined stellar or2007). These are, in general, the bulges whose formation
baryonic mass selection. At the level of present data qual-history we predict here. Disk instabilities and secular-evo
ity and theoretical convergence, order-of-magnitudereses lution (e.g. bar instabilities, harassment, and otheraisal
of merger lifetimes and lack of such calibration represkatt modes) can indeed produce bulges, but these are “pseu-
dominant uncertainty in comparisons. dobulges” |(Pfenniger 1984; Combes etlal. 1890; Raha et al.
Improvements are being made in this area: Lotz etal.[1991; Kuijken & Merrifield 1995; O’Neill & Dubinski 2003;
(2008a) have calibrated the merger timescale for major/Athanassoula 2005), with clearly distinct shapes, kinéraat
pair samples of different separations and certain specificstructural properties, and colors from classical bulges &f
automated morphological selection criteria to mock obser- review, see Kormendy & Kenniclitt 2004).
vations of high-resolution hydrodynamic merger simula- Observations at present indicate that pseudobulges con-
tions. [Conselice et all (2009) adopt these and similar de-stitute only a small fraction of the total mass density in
tailed calibrations to attempt to address consistencyéetw  spheroids € 10%; see_Allen et al. 2006; Ball etlal. 2006;
merger populations identified with different methodolagie [Driver et al.| 2007); they do, however, become a large frac-
Jogee et all (2008, 2009) attempt to calibrate their mogaiol  tion of the bulge population in small bulges in late-type
ical selection criteria as a function of merger mass rat@-V  hosts (e.g. Sb/c, corresponding to typidads < 10'°Mg;
ious works have attempted to quantify merger rates as a funcsee Carollo et al. 1998; Kormendy & Kennicutt 2004, and ref-
tion of stellar mass, rather than in a pure magnitude-lichite erences therein). However, this is not to say that secular
sample (see e.d. Bell etial. 2006a; Conselicelet al. |2008;processes cannot, in principle, build some massive bulges
Bundy et al.| 2009!_Lopez-Sanjuan et al. 2009b; Darglet al. (see e.gl_Debattista et al. 2004, 2006). And it is not clear
2009D). that mergers — specifically minor mergers with mass ratios
Together, these approaches will allow rigorous comparison 4, < 1/10 — cannot build pseudobulges, depending on e.g.
of predicted and observed galaxy-galaxy merger rates as ahe structural properties of the secondary and orbitalpara
function of galaxy stellar mass, redshift, and (ideally)ssia  ters of the merger (see €.g. Gauthier ét al. 2006; Youngé! et a
ratio. Obviously, extension of observational constraints [2008&[ Eliche-Moral et dl. 2008).
any of this parameter space represents a valuable cortstrain Improvements in theoretical constraints (from high-
on the models here. Using the calibrations above, we attemptesolution simulations) on how bulges with different struc
such a comparison specific to different observational meth-tural properties are formed, combined with improved ob-
ods (at least in terms of pair versus morphological fractjon  servational constraints on the distribution of these $tmat
and find good agreement between predicted and observegroperties, can constrain the role of secular processestat b
merger rates, and the integrated buildup of the bulge popu-er than a factor~ 2 level (at least at low redshifts) — a
lation. Considering the most well-constrained observestio level at which theoretical models cannot yet uniquely pre-
and well-calibrated conversions, we find agreement within a dict the importance of mergers. On the other hand, observa-
similar factor~ 2 as that characteristic of the theoretical un- tional constraints on the mass budget in extended galaxy ha-
certainties. los, intra-group and intra-cluster light can constraireBise
Far from implying that the problem is “solved,” such a fac- disruption (see e.qg. Lin & MoHr 2004; Cypriano etlal. 2006;
tor of ~ 2 is of great interest. There is a large parameterBrown et al.[2008; Lagana etlal. 2008), and observations of
space where predicted merger rates are consistent with obhigh redshift disk+bulge systems that may represent recent
served merger/pair fractions as a function of mass andiftdsh re-forming or relaxing merger remnants can constrain the ef
and can be tuned to precisely account for the entire bulge masficiency of bulge formation in mergers (Hammer et al. 2005;
budget of the Universe. However, allowing for the facto? Zheng et al. 2005; Trujillo & Pohlén 2005; Flores el al. 2006;
uncertainty in one direction would lead to “too many” merg- [Puech et &l. 2007 a,b, 2008; Atkinson €t al. 2007). Together,
ers, implying that mergers must be less efficient than cosmo-these improvements in observational constraints and ¢tieor
logically predicted: this might mean that real gas fractiare ~ cal models have the potential to enable precision tests dt mo
in fact higher than what we have modeled here, or that tidal els for bulge formation in mergers, and allow a robust determ
destruction of satellites is efficient, even in the majorgeer  nation of the relative roles of secular processes, minogmer
regime, or that there is some problem in our understanding ofers, and major mergers in galaxy formation, as a function of
halo occupation statistics or cosmological dark mattelg@er  cosmic time and galaxy properties.
rates. In order to facilitate comparison with future observations
On the other hand, allowing for the same factor~of2 we have provided fitting functions to both the predicted
variation in the opposite sense would imply thahalf the merger rates as a function of galaxy mass and mass ratio, and
bulge mass density of the Universe could not be attributed toto the relative contributions of these mergers to bulge form
mergers as we understand them. This means that, within theion. However, for various applications, additional infoa-
present uncertainties, secular processes such as bakan-dis tion is desired. We therefore make public a simple “merger
stabilities might account for up to half of the bulge mass of rate calculator” cod& which can be used to obtain the pre-
the Universe. Since the uncertainties grow at low mass, thedicted merger rates from the models as a function of e.g.
fraction could be even higher at lower masses. galaxy mass, mass ratio, redshift, and galaxy gas fractions
Independent observational tests can put complementaryrhe script can be used to determine merger rates as a func-
constraints on these possibilities. It must be emphasiped, tion of halo, stellar, or total galaxy baryonic masses, aaul ¢
example, that essentially all numerical studies of splieroi be used to restrict to e.g. gas-rich (“wet”) or gas-poory"jir
kinematics find thabnly mergers can reproduce the observed
kinematic properties of observed elliptical galaxies arids- 25 nttp://www.cfa.harvard.edu/~phopkins/Site/mergercalc.
sical” bulges [(Hernquist 1989, 1992, 1993; Barnes 1988, html
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mergers. It also allows for different choices with respectt certainties discussed here.

e.g. the stellar mass functions used to normalize the HOD and

Mgai(Mhaio) distribution used in the models here, and different

cosmological parameters. As desired, it can output theenerg

rate per galaxy, the volumetric total merger rate (mergersp  We thank Andrew Benson, Owen Parry, Simon White,
unit volume per unittime), or merger fractions with the appr ~ Volker Springel, Gabriella de Lucia, and Carlos Frenk for
priate observable timescales used here as calibratedifmrpa helpful discussions. Support for PFH was provided by the
morphologically-selected samples. We note that, in therint ~ Miller Institute for Basic Research in Science, Universify
est of running time and memory use, the script uses some ofCalifornia Berkeley. JDY acknowledges support from NASA
fitting functions and approximations to the full models dis- through Hubble Fellowship grant HST-HF-01243.01 awarded
cussed here — however, we have tested extensively that théy the Space Telescope Science Institute, which is operated
approximations and fitting functions used yield much smalle by the Association of Universities for Research in Astrogpm
differences in the ultimate merger rates than the inhenent u Inc., for NASA, under contract NAS 5-26555.
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