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ABSTRACT

We develop a model for the cosmological role of mergers indhelution of starbursts, quasars, and
spheroidal galaxies. By combining theoretically well-stained halo and subhalo mass functions as a func-
tion of redshift and environment with empirical halo occtipa models, we can estimate where galaxies of
given properties live at a particular epoch. This allowsausdlculate, in ara priori cosmological manner,
where major galaxy-galaxy mergers occur and what kinds laiggs merge, at all redshifts. We compare this
with the observed mass functions, clustering, fractiors fagction of halo and galaxy mass, and small-scale
environments of mergers, and show that this approach yielisst estimates in good agreement with obser-
vations, and can be extended to predict detailed propetiegergers. Making the simple ansatz that major,
gas-rich mergers cause quasar activity (but not stricy@sng they are the only triggering mechanism), we
demonstrate that this model naturally reproduces the vedeise and fall of the quasar luminosity density
fromz=0-6, as well as quasar luminosity functions, fractions, hasdxy colors, and clustering as a function
of redshift and luminosity. The recent observed excess a$guclustering on small scaleszat 0.2-2.5is a
natural prediction of our model, as mergers will preferahtioccur in regions with excess small-scale galaxy
overdensities. In fact, we demonstrate that quasar envieots at all observed redshifts correspond closely
to the empirically determined small group scale, where m@jergers of~ L, gas-rich galaxies will be most
efficient. We contrast this with a secular model in which guactivity is driven by bars or other disk insta-
bilities, and show that while these modes of fueling propadminate the high-Eddington ratio population at
Seyfert luminosities (significant at= 0), the constraints from quasar clustering, observeddusmilge popu-
lations, and disk mass functions suggest that they are d somtfibutor to thez > 1 quasar luminosity density,
which is dominated by massive BHs in predominantly classipheroids formed in mergers. Similarly, low-
luminosity Seyferts do not show a clustering excess on ssnalks, in agreement with the natural prediction of
secular models, but bright quasars at all redshifts do soalééecompare recent observations of the colors of
quasar host galaxies, and show that these correspond toltire of recent merger remnants, in the transition
region between the blue cloud and the red sequence, andstiretiirom the colors of systems with observed
bars or strong disk instabilities. Even the most extremalsetodels, in which all bulge (and therefore BH)
formation proceeds via disk instability, are forced to assuhat this instability acts before the (dynamically
inevitable) mergers, and therefore predict a history ferghasar luminosity density which is shifted to earlier
times, in disagreement with observations. Our model pes/alpowerful means to predict the abundance and
nature of mergers, and to contrast cosmologically moté/atedictions of merger products such as starbursts
and AGN.

Subject headinggjuasars: general — galaxies: active — galaxies: evolutiotosmology: theory

1. INTRODUCTION the fundamental plane for elliptical galaxies (Dresslealst
1987;| Djorgovski & Davis 1987). The striking similarity
) . between these two fundamental planes indicates that galaxy
Over the past decade, observations have established thajpheroids and supermassive black holes are not formed
supermassive black holes likely reside in the centers of a”independently, but originate via a common physical pracess
galaxies with spheroids (e.g., Kormendy & Richstone 1995;  Furthermore, although there may be some relatively weak
Richstone et al. 1998; Kormendy & Gebhardt 2001), and eyolution in the correlation between BH mass and host
that the propertIeS of theS(-?' black holeS.and their hosts _aqu]aSS or Ve|0city dispersion Owing to Changes in Spheroid
correlated. These correlations take various forms, reati  structural properties and internal correlations with heftls
the black hole mass to e.g. the mass (Magorrian'etal.(e.q.[Peng et dl. 2006; Shields ef al. 2003, 2006; Waltdl et a
1998; |McLure & Dunlop | 2002;| Marconi & Hunt_2003; 2004/ Salviander et 8. 2006; Woo et/al. 2006; Hopkins et al.
Haring & Rix|2004), velocity dispersion (Ferrarese & Mdirrit 2006€), the fundamental plane appears to be preserved
2000; |Gebhardtetall_200C; _Tremaine etal. 2002), and (Hopkins et al. 2007c), and in any casemecorrelation exists
concentration or Sersic index| (Graham et al. _2001; at all redshifts. There are not, at any redshifts, bulgedgss
Graham & Driver. 2006) of the spheroid. Most recently, tems with large black holes or bulges without corresporigling
Hopkins et al.|(2007c) have demonstrated that these retatio |arge black holes. This empirically demonstrates that what
ships are not independent and can be understood as variouser process builds up black hole masssttrace the forma-
projections of a black hole fundamental plane analogous totjon of spheroids (albeit with potentially redshift-deent
efficiency).

1 Harvard-Smithsonian Center for Astrophysics, 60 Gardeeeft Cam- These connections extend to other phenomena associ-
bridge, MA 02138

1.1. Motivation
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ated with galaxies that have sometimes been interpreted a¢Lynden-Belll1969). From the Soltan argument, we know
being independent. For example, by estimating the to-that this mass must be gathered in a time comparable to the
tal energy radiated by quasars, Soltan (1982) showed thatifetimes of bright quasars, which is similar to the Salpete
nearly all the mass in supermassive black holes must havg1964) time~ 10”° years, for black holes accreting at the
been accumulated during periods of bright quasar activ- Eddington rate. Independent limits (Martini 2004, and refe
ity. This analysis has since been revisited on a num-ences therein) from quasar clustering, variability, luosity

ber of occasions (Salucciet al. 1999; Yu & Tremaine 2002; function evolution, and other methods demartdtal quasar
Marconi et al.| 2004;_Shankar et al. 2004; Yu & Lu 2004), lifetime (i.e. duration of major growth for a given BH) of
with various assumptions for quasar obscuration and balome < 103%yr. In order to explain the existence of black holes
ric corrections|_Hopkins et al. (2007e) have reformulated t  \yith masses. 10°M, the amount of gas required is likely
Soltan argument from the evolution of thelometricquasar — comparable to that contained in entire large galaxies. Thus
luminosity function (LF). In their analysis, Hopkins et al. the process we seek must be able to deliver a galaxy’s worth
combined observations of the quasar LF in a variety of wave- of gas to the inner regions of a galaxy on a relatively short
bands with purely empirical determinations of the luminos- timescale< 1¢° years

ity dependence of quasar obscuration and spectral emission ¢ ihis event is to sirﬁultaneously build galaxy spheroidis, i

to infer the bolometric quasar LF. By integrating this over | ;¢ inyolve stellar dynamics acting on a supply of stars sim
minosity and redshift, it is then possible to obtaimadel- 5+ that in large galaxies because the stellar masslie00
independenestimate of the total energy density of radiation jneq |arger than that of the black hole and it is believed tha
from quasars. The cosmic black hole mass density then fol-gyo1igs are assembled mainly (albeit not entirely) thou
lows if black holes in quasars accrete with constant radia- jiggjpationless physics (i.e. the movement of stars from-a c
tive efficiency ¢, (Shakura & Sunyaev 19173), by integrating ¢4y disk to random spheroid orbits). A plausible candidat
Lool = er Mg €. This yields &= 0 black hole mass density of process is violent relaxation (elg. Lynden-Bell 1967) vahic

01 has been demonstrated to yield phase space distributians ak

per(z=0) = 481533 (_) h2,x 10°M Mpc3, (1) to those of elliptical galaxies through large, rapid fluttors

€r in the gravitational potential. Violent relaxation op&sbn a
timescale similar to the free-fall time for self-gravitagisys-
tems, again< 10° years for the bulk of the mass.

Motivated by these considerations, Hopkins etlal. (2006a)
developed a model where starbursts, quasars, supermas-
sive black hole growth, and the formation of red, ellipti-
al galaxies are connected through an evolutionary seguenc
aused bymergersbetweengas-rich galaxies. There is,
in fact, considerable observational evidence indicatimaf t
mergers are responsible for triggering ULIRGs, SMGs, and
quasars (see references in Hopkins et al. 2006a; for re-
views see Barnes & Hernquist 1992; Schweizer 1998; Jogee
2004). Furthermore, the long-standing “merger hypothiesis
which proposes that most elliptical galaxies formed in merg
ers (Toomre & Toomre 1972; Toomre 1977), is supported
by the structure of known ongoing mergers (€.g., Schweizer
1992;| Rothberg & Joseph 2006a,b) and the ubiquitous pres-
ence of fine structures such as shells, ripples, tidal plumes
nuclear light excesses, and kinematic subsystems iniedlipt
: ) —ez ’ (e.g..Schweizer & Seitzer 1992; Schweizer 1996), which are
Yip et all [2004;| Jahnke etlal. 2004aib; Sanchezlet al. 2004’signatures of mergers (elg. QUinn 1984; Hernquist & Guinn

Vanden Berk et al.| 2006] Barthel 2006; Zakamska et al. 3 - -
X ’ T 1987; Hernquist & Spergel 1992; Hernquist & Barnes 1991;
2006). There further appears to be a correlation in the Sensgr e Hernquist 199Za).

that the most luminous quasars have the youngest host stel- ; : ; .
lar populations (Jahnke et/al. 2004a; Vanden Berklét al. ;2006 y eggsm\?erzlr(i?yl fr:;ntﬂiz;tjlgrnﬁqg%r;cr)gmoefgailﬂilgr? dt|hs(I3< %%SI;)R’;(;”W
and the greatest prominence of post-merger tidal featunes a can plausibly account for these phenomena and have eluci-

disturbances| (Canalizo & Stockion 2001; Kauffmann et al. . . ) . .
2003{ Hutchings et &l. 2003; Hutch’inqs 2003; Hutchinqsfet al dated the underlymg.physms. Tldalltorques excited duaing
2006, Zakamska et 21, 2006; Letawe €{al. 2006). These obJlC"3er 12ad [0 fapid inflows of gas Into t?elggi‘tﬁrggcg)gaﬁx‘
o A e : e : ies (Hernquis 9; Barnes erngulis 1,1 . e
servations indicate that intense starbursts must result fhe mount of gas involved can be a large fraction of that in

same process as most quasars and supermassive black holeg1e progenitor galaxies and is accumulated on roughly a dy-

In the simplest interpretation, we seek an explanation fore@amical time in the inner regionsg’ 10° years [Hernguist

1989). The resulting high gas densities trigger starbursts
(Mihos & Hernguist 1994h, 1996), and feed rapid black hole
growth (DI Matteo et dl. 2005). Gas consumption by the star-
burst and dispersal of residual gas by supernova-drivedsvin

and feedback from black hole growth (Springel et al. 2005a)
kterminate star formation so that the remnant quickly evolve

from a blue to a red galaxy. The stellar component of the pro-

consistent with estimates gfgy(z = 0) obtained from lo-
cal bulge mass, luminosity, and velocity dispersion fuorcsi
(e.g.,Marconi et al. 2004; Shankar etial. 2004).

Taken together, the black hole fundamental plane and
the Soltan argument imply that the common physical pro-
cess which produces galaxy spheroids and supermassivg
black holes also must be responsible for triggermgst
bright quasars. Moreover, there is compelling evidence
that quasar activity is preceded by a period of intense
star formation in galaxy centers so that, for example, ul-
traluminous infrared galaxies (ULIRGs) and distant sub-
millimeter galaxies (SMGs) would eventually evolve into
quasars | (Sanders et al. 198Bz,c; Sanders & Mirabel | 1996
Dasyra et al. 2006b). Essentially all sufficiently deep stud
ies of the spectral energy distributions (SEDs) of quasar
host galaxies reveal the presence of young stellar pop-
ulations indicative of a recent starburst (Brotherton et al
1999; | Canalizo & Stocktorn_2001; Kauffmann et al. 2003;

the various phenomena summarized above such that they r
sult from thesame event There are general, theoretical re-
quirements that any such event must satisfy. In particiilar,
must be fast and violent, blend together gas and stellardyna
ics appropriately, and involve a supply of mass comparable t
that in large galaxies. Why should this be the case?

The accepted picture for the growth of supermassive blac
holes is that the mass is primarily assembled by gas acuoretio
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genitors provides the bulk of the material for producing the producing the supermassive black hole and spheroid popula-
remnant spheroid (Barnes 1938, 1992; Hernquist|1992 1993Y}ions in the Universe. Then, by the Soltan argument and the
through violent relaxation. association of starbursts with quasars, it follows that thust

The simulations also place significant constraints on thealso be the primary mechanism for triggering the most irdens
types of mergers that can initiate this sequence of eventsinfrared luminous galaxies and the brightest quasars and ac
First, a major merger is generally required in order for the tive galactic nuclei (AGN). Itis important to keep in mindith
tidal forces to excite a sufficiently strong response to get u this does not rule out other processes occurring at lower lev
nuclear inflows of gas. Although simulations involving mino  els and under other circumstances. For example, we are not
mergers with mass ratios 10 : 1 show that gas inflows can claiming that all AGN result from mergers. In fact, low lesel
be excited under some circumstances (e.g. Hermnguist 1989pf such activity, as in Seyfert galaxies, often appear inisind
Hernquist & Mihos 1995; Bournaud etlal. 2005), a systematic turbed galaxies. For these objects, other modes of fuetimg a
study indicates that such an outcome is limited to specific or likely more significant, as in the stochastic accretion acien
bital geometries (Younger etlal. 2007) and that the ovefall e ofl[Hopkins & Hernquist (2006). The primary requirement on
ficiency of triggering inflows declines rapidly with increas our model is that the bulk of the supermassive black hole mass
ing mass ratio. Thus, while the precise definition of a ma- density should have accumulated through gas-rich mergers,
jor merger in this context is blurred by the degeneracy be- consistent with the redshift evolution of the quasar popula
tween the mass ratio of the progenitors and the orbit of thetion (Hopkins et al. 2007e). Similarly, spheroid evolution
interaction, it appears that a mass ratio3 : 1 or smaller  gas-free (“dry”) mergers will go on, but does not explain how
is needed. This is further supported by observational stud-stellar mass is initially moved onto the red sequence or how
ies (Dasyra et al. 2006a; Woods etlal. 2006), which find thatblack hole mass is initially accreted.
strong gas inflows and nuclear starbursts are typically seen

only below these mass ratios, despite the much greater fre- 1.2. Outline

quency of higher mass-ratio mergers. To test our hypothesis, we have developed methods for fol-
Second, the merging galaxies must contain a supptylof lowing the growth of black holes in numerical simulations of

gas, which in this context refers to gas that is rotationsiiy- galaxy mergers, using a multiphase model for the star-fagmi

ported, in order that the resonant response leading toaucle gas that enables us to consider progenitor disks with laage g
inflows of gas in a merger be excited. Elliptical galaxies-con fractions. Generically, we find that major mergers of gab-ri
tain large quantities of hot, thermally supported gas, ahe  galaxies evolve through distinct phases that can plausiély
major mergers between two such objects will not drive the identified with the various observed phenomena summarized
nuclear inflows of gas that fuel rapid black hole growth. above.

It also must be emphasized that essentially all numeri- Figure[d presents a schematic outline of these phases. In
cal studies of spheroid kinematics find thatly mergers  this picture, galactic disks grow mainly in quiescence hwit
can reproduce the observed kinematic properties of ellipti the possibility of secular-driven bar or pseudobulge forma
cal galaxies and “classical” bulgels (Hernguist 1989, 1992, tion, until the onset of a major merger. A significant, per-
1993; Barnes 1988, 1992; Schweizer 1992; Naablet al. 1999haps even dominant fraction of Seyferts and low-luminosity
Naab & Burkert 2003; Naab etial. 2006a.b; Naab & Trujillo quasars will almost certainly arise from this secular evolu
2006; | Bournaud et al. 2005%; Jesseit etlal. 2006; Cox et al.tion, but the prevalence of pseudobulges only in the hosts of
2006b). Disk instabilities and secular evolution (e.g. bar < 10’M, black holes suggests this is limited to luminosities
instabilities, harassment, and other isolated modes) man i Mg > —23 (see the discussion il §B.3).
deed produce bulges, but these are invariably “pseudafiulge  During the early stages of the merger, tidal torques excite
(Schwarz 1981 Athanassoula etial. 1983; Pfenniger |1984;some enhanced star formation and black hole accretion, but
Combes et al. 1990; Raha et al. 1991; Kuijken & Merrifield the effect is relatively weak, and the combination of large
1995;| O'Neill & Dubinski|2003; Athanassoula 2005), with galactic dust columns and relatively small nuclear bladke$io
clearly distinct shapes (e.g. flattened or “peanut’-shapedmeans that only in rare circumstances (involving particula
isophotes), rotation properties (largéo), internal correla-  initial orbits and/or bulge-to-disk ratios) will the paieliden-
tions (obeying different Kormendy and Faber-Jackson rela-tified as Seyferts or quasars. Most observationally identi-
tions), light profiles (nearly exponential Sersic profilem)d fied mergers (and essentially all merging pairs) will be in
colors and/or substructure from classical bulges (for a re-this stage, and numerical simulations suggest it is the last
view, see Kaormendy & Kennicutt 2004). Observations indi- stage at which the distinct nuclei enable automated morpho-
cate that pseudobulges constitute only a small fractioh®ft logical selection criteria to efficiently identify the sgst as
total mass density in spheroids (0%; see Allen et al. 2006; a merger|(Lotz et al. 2004, 2007). Care must therefore be
Ball et al.| 2006; Driver et al. 2007), becoming a large frac- taken with conclusions regarding the prevalence of statbur
tion of the bulge population only for small bulges in latpéy  and AGN in these samples, as the small observed incidence
hosts (e.g. Sb/c, corresponding to typibiy < 10’M; see of quasar activity|(Dasyra etlal. 2006a; Myers el al. 2006b;
Carollo et all 1998; Kormendy & Kenniclitt 2004, and refer- |Straughn et al. 2006; Alonso et/lal. 2007) is actually expkcte
ences therein). Therefore, it is clear that although such pr  During the final coalescence of the galaxies, massive in-
cesses may be important for the buildup of the smallest blackflows of gas trigger starbursts with strengths similar testho

hole and spheroid populations, secular evolutiannote the inferred for ULIRGs and SMGs, although the actual mass
agent responsible for the formation of most elliptical géda, in stars formed in these bursts is generally small compared
or for the buildup of most black hole mass, or the triggering to the stellar mass contributed by the merging disks. The
of bright quasar activity. high gas densities feed rapid black hole growth, but the

We are thus led to suggest a generalization of the merger hyblack holes are obscured at optical wavelengths by gas and
pothesis proposed by Toomre (1977) whereby major mergersdust and are initially small compared to the newly form-
of gas-richdisk galaxies represent the dominant process foring spheroid. However, by the final stages, high accretion
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FiG. 1.— An schematic outline of the phases of growth in a “tyPigmlaxy undergoing a gas-rich major mergelmage Credit: (a) NOAO/AURA/NSF; (b) REU program/NOAO/AURA/NSF; (c)
NASA/STScl/ACS Science Team; (d) Optical (left): NASA/STR. P. van der Marel & J. Gerssen; X-ray (right): NASA/CX@PE/S. Komossa et al.; (e) Left: J. Bahcall/M. Disney/NASRight: Gem-
ini Observatory/NSF/University of Hawaii Institute for tkenomy; (f) J. Bahcall/M. Disney/NASA; (g) F. Schweizerl(@DTM); (h) NOAO/AURA/NSF.
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rate, heavily obscured (and in some cases nearly Comptonerences therein), and there is a clear tendency for thear-gal
thick) BH growth in a ULIRG stage (often with merg- ies to hostlow-luminosity AGN or LINERS (Yang etlal. 2006;
ing binary BHs) appears ubiquitous (Komossa et al. 2003;/Goto/ 2006). Again, for the reasons given above, the sitnatio
Alexander et al. 2005a; Borys et al. 2005; Brand et al. 2006), is less clear for all low-luminosity AGN (and there will be,
and by high redshiftez(~ 2) may dominate the obscured lumi- as noted above, many such sources driven by secular mech-
nous quasar population (Alexander et al. 2005b; Stevers et a anisms in disks). But more importantly most objects seen
2005; Martinez-Sansigre et al. 2006; Brand ¢t al. 2007). in this stage are expected to have relaxed to resemble nor-
Most of the nuclear gas is consumed by the starburstmal spheroids. The merger exhausts gas and star formation
and eventually feedback from supernovae and the blackin an immediate sense very efficiently, so the remnant red-
hole begins to disperse the residual gas. This brief tran-dens rapidly onto the red sequence. If this is also assakiate
sition or “blowout” phase will be particularly associated with quenching of future star formation (see Paper II), then
with highly dust-reddened (as opposed to more highly ob- spheroid will evolve passively, growing largely by dry merg
scured Type II) and/or IR-luminous quasars. As a relatively ers.
short phase, such objects constitute onl20—40% of the Individual simulations of mergers have enabled us to quan-
quasar population, similar to that observed (Gregglet &220 tify the duration of these stages of evolution and how this
White et al| 2003; Richards etlal. 2003, 2006a; Hopkins et al. depends on properties of the merging galaxies, such as their
2004). In fact, observational studies find that red quasarmasses and gas content and the mass ratio and orbit of the en-
populations are related to mergers, with75% (and as  counter. In particular, we used the results to suggest a-phys
high as 100%) showing clear evidence of recent/ongoingical interpretation of quasar lifetimes (Hopkins et al. 26))
merging (Hutchings et al. 2003, 2006; Kawakatu et al. 2006; to examine how quasats (Hopkins ef al. 2005a) and starbursts
Guyon et al.| 2006 Urrutia et al. 2007), with young post- (Chakrabarti et al. 2007) would evolve in this scenario, and
starburst stellar populations (Guyon et al. 2006), muctheft quantify structural properties of the remnant and how they
dust arising on scales of the galaxy (in turbulent motions, i depend on e.g. the gas fractions of the merging galaxies
flow, and outflow; Urrutia et al. 2007), and extremely high (Cox et al. 2006a,b; Robertson etal. 20060,c; Hopkinslet al.
Eddington ratios indicative of a still active period - makin [2007¢).
them (as opposed to most fully obscured quasars) a substan- In addition to making predictions for individual systems,
tial contributor to the most luminous quasars in the Unigers we would also like to characterize how entgepulationsof
(White et al. | 2003;[_Hutchings etlal. 2006; Zakamska &t al. objects would evolve cosmologically in our picture to téwt t
2006). As the dust is removed, the black hole is then visi- model against the large body of observational data thatexis
ble as a traditional optical quasar (although very smallesc  from surveys of galaxies, quasars, and starbursts. Pr&yjou
“torus” obscuring structures may remain intact, allowing f  we have adopted a semi-empirical approach to this problem,
some rare, bright Type Il systems). as follows. In our simulations, we can label the outcome by
Here, observations of the host morphology are more am-the final black hole mass in the remnalg ¢ or, equiva-
biguous (see e.g. Bahcall et al. 1997; Canalizo & Stockton lently, the peak bolometric luminosity of the quasBgeai
2001, Floyd et all 2004; Zakamska etlal. 2006; Piercelet al.Our simulations predict a regular behavior for the evolutd
2006), but this is expected, for two reasons. First, thetpoin the different merger phases as a functiovigf; r or L peakand
spread function of the bright and unobscured optical quasaralso for the properties of the remnant as a functioMg
must be subtracted and host galaxy structure recovereti, a di or Lyea. If we have an estimate of the observed distribution
ficult procedure. Second, by this time the merger is com- of systems in one phase of the evolution, we can then use our
plete and the spheroid has formed, leaving only fading tidal models to deconvolve the observations to infer the implied
tails as evidence for the recent merger. Mock observationsbirthrate of such objects as a functior\gy  or Lyear. Given
constructed from the simulations (Krause et al. 2007) imply this, the time behavior of the simulations provides a magpin
that, with the best presently attainable data, these fesane between the different phases enabling us to make indepen-
difficult to observe even locally and (for now) nearly impos- dent predictions for other populations. For example, kmgwi
sible to identify at the redshifts of greatest interesp(1). the observed quasar luminosity function (QLF) at some red-
This appears to be borne out,|as Bennertet al. (2007) haveshift, our simulations allow us to predict how many quasar-
re-examined low-redshift quasars previously recognireehf  producing mergers of a given mass must be occurring at the
deep HST imaging as having relaxed spheroid hosts, andime, which can then be tested against the observed merger
found (after considerably deeper integrations) that esach statistics.
object shows clear evidence for a recent merger. These dif- We exploited this approach to examine the relationship be-
ficulties will lead us to consider a number of less direct, but tween the abundance of quasars and other manifestations of
more robust tests of the possible association between mserge quasar activity, and showed that our model for quasar life-
and quasars. times and lightcurves yields a means to interpret the shape
Finally, as the remnant relaxes, star formation and quasarof the QLF (Hopkins et al. 2005b), provides a consistent ex-
activity decline as the gas is consumed and dispersed, anglanation for observations of the QLF at optical and X-ray
the remaining galaxy resembles an elliptical with a quiesce frequencies (Hopkins etlal. 2005c), explains observeduevol
black hole satisfying observed correlations between blacktion in the faint-end slope of the QLE (Hopkins etlal. 2006b),
hole and spheroid properties. During this intermedia@yr and can account for the spectral shape of the cosmic X-ray
decay, depending on details of the merger and exact viewingbackground|(Hopkins et gl. 2006a, 2007e). Using this tech-
time, the remnant may be classified as a low-luminosity (de- nique to map between different types of objects, we demon-
caying) AGN in a massive (and relatively young) spheroid, or strated that the observed evolution and clustering of thsau
as a post-starburst (E+A/K+A) galaxy. Observationallg th population is consistent with observations of red galaxies
link between K+A galaxies and mergers is well-established (Hopkins et al. 2006¢, 2007d, 2006d) and merging systems
(e.g..Yang et al. 2004; Goto 2005; Hogg et al. 2006, and ref- (Hopkins et all 2007a, 2006f), as well as the mass function
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of supermassive black holes and its estimated evolutiom wit elliptical galaxies.

redshift (Hopkins et al. 2006a, 2007e). In each case, wedoun We investigate this in a pair of companion papers. Here
good agreement with observations provided that the mapping (Paper 1), we describe our model and use it to investigate the
were based on the lifetimes and lightcurves from our mergerproperties of mergers and merger-driven quasar activity. |
simulations and not idealized ones that have typically beenthe companion paper (Hopkins etlal. 2007b, henceforth Paper
used in earlier theoretical studies. We further showeddhat  11), we extend our study to the properties of merger remnants
picture makes numerous predictions (Hopkins et al. 2007a,and the formation of the early-type galaxy population. $pec
2006a) that can be used to test our hypothesis, such as thieally, §[2 outlines our methodology, describing the physi-
luminosity dependence of quasar clustering (Lidz &t al6200 cal criteria for and identification of major mergers[(§]2.1),
However, the cosmological context of our results was not pro the distribution of mergers across different scales andxyal
vided in an entirely theoretical manner because our arslysi types (§2.P), and the dependence of mergers on environmen-
relied on an empirical estimate of one of the connected popu-tal properties (§213). We then examine the predicted merger
lations. mass functions, fractions, and clustering properties ftiois

Obtaining a purely theoretical framework for our scenario model, and compare with observations to verify that we are
is difficult because cosmological simulations includingsga appropriately modeling the merger history of the Universe
dynamics currently lack the resolution to describe the bmal (§8[2.4). In 8[3 we examine the consequences of a general
scale physics associated with disk formation, galaxy merge model in which mergers trigger quasar activity. We present a
star formation, and black hole growth. Semi-analytic mdtho number of robust predictions both independent ¢f (% 3.1) and
avoid some of these limitations, but at the expense of parameincluding (8[3.2) physical models for the quasar lightcsrve
terizing the unresolved physics in a manner this is diffitwlt  and duty cycles in mergers. We contrast this with a “secular”
calibrate independently of observational constraints. the model in which quasar activity is caused by disk instaleiiti
time being, neither approach is capable of making an entirel (§[3.3), and show that a variety of independent constraints
ab initio prediction for how the various populations we are suggest that such a mode cannot dominate the formation of
attempting to model would evolve with time. bright, high redshift quasars. We discuss and summarize our

In this paper, we describe a strategy that enables us, forconclusionsin §4.
the first time, to provide a purely theoretical framework  Throughout, we adopt a WMAP34y, 24, h, og, ns) =
for our picture. Our procedure is motivated by, but does (0.268 0.732 0.704, 0.776,0.947) cosmology (Spergel et/al.
not rely upon, observations suggesting that there is a char2006), and normalize all observations and models shown to
acteristic halo mass hosting bright quasars. This infer-these parameters. Although the exact choice of cosmology
ence follows from measurements of the clustering of quasaramay systematically shift the inferred bias and halo masses
in the 2dF, SDSS, and other surveys (Parciani et al. 12004;(primarily scaling withog), our comparisons (i.e. relative bi-
Porciani & Norbergl 2006; Wake etlal. 2004; Croom et al. ases) are for the most part unchanged, and repeating our cal-
2005; Coil et al. 2007; Myers etlal. 2006a; da Angela et al. culations for a “concordance” (8,0.7, 0.7, 0.9, 1.0) cosmol-
20063 Shen et al. 2007) and investigations of the quasar proxogy or the WMAP1 (®7,0.73,0.71, 0.84, 0.96) results of
imity effect (Faucher-Giguere etlal. 2007; Kim & Croft 2007; |Spergel et al. (2003) has little effect on our conclusiong W
Nascimento Guimaraes et al. 2007). By adopting simple also adopt a diet Salpeter IMF following Bell et al. (2003b),
models for the merger efficiency of galaxies as a function of and convert all stellar masses and mass-to-light ratiosrdec
environment and mass ratio, we show that this characteristi ingly. Again, the choice of the IMF systematically shifteth
halo mass for quasars corresponds to the most favorable emrormalization of stellar masses herein, but does not sobsta
vironment for major mergers between gas-rich disks to gccur tially change our comparisond) BV magnitudes are in the
namely the “small group” scale. This finding argues for an in- Vlega system, and SDSfrizmagnitudes are AB.
timate link between such mergers and the triggering of quasa
activity and naturally leads to a method for determining the 2. MERGERS
redshift evolution of the quasar population from dark nratte 2.1. What Determines Whether Galaxies Merge
simulations of structure formation infeBCDM Universe.

By combining previous estimates of the evolution of the
halo mass function with halo occupation models and our esti- To begin, we postulate which mergers are relevant to our
mates for merger timescales, we infer the statistics of ererg  picture. Minor mergers (mass ratigs 3 : 1) will not trigger
that excite quasar activity. We then graft onto this our mod- significant star formation or quasar activity for most osbit
eling of quasar lightcurves and lifetimes, obtained from ou and consequently will neither exhaust a large fraction ef th
simulations of galaxy mergers that include star formatioth a  larger galaxy’s gas supply nor be typically identified asgnrer
black hole growth to deduce, in ab initio manner, the red-  ers observationally. We are therefore specifically inteekin
shift dependent birthrate of quasars as a function of theeikp ~ major mergers, with mass raties3 : 1, but note that our con-
luminosities and the corresponding formation rate of black clusions are unchanged if, instead of this simple threshgd
holes as a function of mass. Because our merger simulationgnclude all mergers and adopt some mass-ratio dependent ef-
relate starbursts, quasars, and red galaxies as diffdnasep  ficiency (e.g. assuming the fractional BH/bulge growth esal
of the same events, we can then determine the cosmologicalvith mass ratidR in some power-law fashionx R, as sug-
formation rate of these various populations and their evolu gested by numerical simulations; Younger et al. 2007). is th
tion with redshift. In particular, as we demonstrate in what case, the decreasing efficiency of BH fueling in minor merg-
follows, the observed abundance of all these objects is well ers leads (as expected) to the conclusion that they are only
matched to our estimates, unlike for other theoretical mod-important at low masses/luminosities (similar to whereusec
els, supporting our interpretation that mergers between ga lar activity may dominate quasar populations; sée 8§ 3.3), an
rich galaxies represent the dominant production mechanisnour predictions for massive bulges and BHs are largely unaf-
for quasars, intense starbursts, supermassive black laoles  fected. If the timescale for two galaxies to merge is long-€om

2.1.1. Physical processes
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pared to the Hubble time, they clearly will not have merged @ r—~— A RN SRR
in the actual Universe. However, the merger timescale must ~ 1.000- N N
also be short compared to the time required to tidally strip o
disrupt either of the galaxies — if it is not, then by the tirhe t
galaxies finally coalesce, the end result will simply beltida & \ \ \,
accretion of material at large radii. 0.100

This defines two fundamental criteria for galaxy mergers to
occur in the setting of a halo of mal,y:

T
/
7z
7
|

ubble / [ﬂmerger

e The halo must host at least two galaxies of comparable < 0.010
mass~ Mgal. Note that even for mergers of distinct host
halos in the field, the halo-halo merger proceeds much
faster than the merger of the galaxies, so there is some \ AN
period where the two can be considered distinct sub- ~ 0.001 SRR, :
structures or distinct galaxies within a common host.
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e The merger must be efficient —i.e. occur in much less
than a Hubble time. This requires that the mass of the
galaxies and their associated (bound) dark matter sub-
halos be comparable to the mass of the parent halo (e.g.
for the simplest dynamical friction arguments, requir-
ing Mhalo/Mgal < 30).

Together, these criteria naturally define a preferred mass
scale for major mergers (host halo madg,,) for galaxies
of massMga. A halo of mass(Mhaio)(Mgal) typically hosts
a galaxy of massVigy. At smaller (relative) halo masses 10° :
Mhaio < (Mhaio), the probability that the halo hosts agalaxyas _ = ——————
large asdVigy declines rapidly (and eventually must be zero or
else violate limits from the cosmic baryon fraction). Atdar
Mhaio > (Mhaio), the probability that the halo will merge with
or accrete another halo hosting a comparablilg, galaxy
increases, but the efficiency of the merger of these galaxies
declines rapidly. Eventually thelgy galaxies are relatively
small satellites in a large parent halo of mi&g, > (Mhao),
for which (satellite-satellite) mergers are extremelyfficent
(given the high virial velocities of the host, and dynamical
friction timescaless ty).

The preferred major-merger scale for galaxies of mags
is therefore only slightly larger (facter 2) than the average
host halo mass for galaxies of this mass. We refer to this as
the small group scale, and emphasize the temmallin this
name: the average halo of this mass still hosts only 1 galaxy
of mass~ Mgz, and the identifiable groups will only consistof  Fic. 2.— Efficiency of major galaxy mergers (of a certain galaxgss
2 T O s (g ey o o et s ey St e
be Several. much Sma”er.Sy.Stems In the group, which have IIt_shifts). Top: Merger timescale relative to theqHubee tiz”le (assuming & pai
tle dynamical effect). This is very different from large g of galaxies of masiy, are hosted in a halo of maba,) — mergers occur
scales, easily identified observationally, which condist03 rapidly (merger<< t4) When the halo mass is small relative to the galaxy mass
members. (we temporarily ignore the obvious requirement tNgfa < fharyonMhalo)-

Figurer? ilustrates several of these points. We adopt thelicde: Same, butnow mutipled by the probabity bat e haiouaty

merger timescales derived below and use the halo occupation : 1), given the empirical halo occupation model from Wanale{2008).

fits from/Wang et dl.. (2006) to determine the probability of a Although mergers are most rapid in the lowest-mass halesetialos do

halo hosting a pair of galaxies of a given mass: the details ofnhoet g‘t’f}nfg:]f(i:‘f'é’f”ggféssivgfgs%fﬁoggg Satft‘]“g’fggtt {Egpfgemrﬁ'}iﬂfy

the fo_rmalls_m are described belO\.N @”d us.ed throthOUt' bu ion and merger efficiency aregdecreasing functiondigf, (for fixed Mga))

we wish to illustrate the key qualitative points. The merger means that the contribution to galaxy mergers of a gMgg will be domi-

timescale for galaxies of a given mass is shortest when theynated by the lowest-mass halos in which there is a signifipestiability to

are large relative to their host halo mass, as expected frompccrete/host a pair dflga galaxies —the small group scale.

dynamical friction considerations. However, the prohapil

of a pair being hosted cuts off sharply at low halo masses.large ranges in cosmic time and halo mass. For our pur-

Moreover, the contribution to mergers of galaxies of mass poses, the critical information is contained in the subhalo

Mga from larger halos is further suppressed by the simple factmass function, which has been quantified in great detail di-

that there are fewer halos of larger masses. rectly from such simulations (Kravtsov et al. 2004; Gao et al
Modern, high-resolution dark matter-only cosmological 12004; Nurmi et al. 2006) and from extended Press-Schechter

simulations (e.g._Springel etlal. 2005c) have made it pos-theory and semi-analytic approaches (Taylor & Babul 2004;

sible to track the merger histories of galaxy halos overZentner et al.. 2005; van den Bosch €tal. 2005) calibrated
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against numerical simulations. the timescales for the galaxies to merge and to be identi-
When a halo (containing a galaxy and its own subhalo pop-fied as mergers. This is the most uncertain element in our
ulations) is accreted, the accretion process is relatraghyd model. Part of this uncertainty owes to the large parameter
—the accreted halo will always be identifiable smmeperiod space of mergers (e.g. differences in orbital parametelss, r
of time as a substructure in the larger halo. Although the newtive inclinations, etc.). These uncertainties are fundatale
subhalo may lose mass to tidal stripping, there will still be but can at least be controlled by comparison to large suites
some dark matter subhalo associated with the accretedygalax of hydrodynamic simulations which sample these parameter
which will remain until the substructure merges with the-cen spaces.(Robertson et al. 2006b) and allow us to quantify the
tral galaxy via dynamical friction or (much more rarely) an- expected range of merger properties owing to these (essen-
other satellite substructure. Therefore, knowing the aidoh tially random) differences. The more difficult question ésh
populations of all halos at a given instant, the calculation appropriate any analytic merger timescale or cross secéion
of the rate and distribution ajalaxy mergers depends only be. To address this, we will throughout this paper consider a
on calculating the efficiency of the subhalo/galaxy mergers few representative models:
within these halos. This is a great advantage — we do not Dynamical Friction: The simplest approximation is that the
need to calculate halo-halo merger rates, which are not well galaxies are point masses, and (once their subhalos merge)
defined (even when extracted directly from cosmological sim they fall together on the dynamical friction timescale. Sisi
ulations) and depend sensitively on a number of definitionswhat is adopted in most semi-analytic models. In fact, this i
(see, e.g. Gottlober etlal. 2001; Maller ef al. 2006), butiad only an appropriate description when the galaxies are small
work from the robust (and well-defined) subhalo mass func- relative to the enclosed halo mass, and are both moving to the
tion (see Gao et &l. 2004, and references therein). center of the potential well — which is often not the case at
This is similar to many of the most recent semi-analytic these late stages. While unlikely to be incorrect by ordérs o
models, which adopt a hybrid approach to determine galaxymagnitude, this approximation begins to break down when the
mergers, in which galaxies survive independently so long asgalaxies are relatively large compared to their halos (comm
their host halo remains a distinct substructure, after whic in < 10'2M, halos) and when the galaxies are very close (and
point a dynamical friction “clock” is started and the galaxy could e.g. enter a stable orbit). What finally causes gasaxie
merges with the central galaxy in its parent halo at the end ofto merge is not, in fact, simple dynamical friction, but dis-
the dynamical friction time. Fortunately, for our purposes sipation of angular momentum via a resonance between the
are only interested in major mergers with mass rafids: 1. internal and orbital frequencies.
In these cases, dynamical friction acts quickly on the sldzha Group Capture (Collisional):On small scales, in satellite-
(infall time < ty/3 at all redshifts), and the primary ambigu- satellite mergers, or in the merger of two small field halgs, i
ity will be the galaxymerger time in their merged or merging more appropriate to consider galaxy mergers as a collisiona
subhalos. process in which there is some effective gravitational £ros
To perform this calculation, we need to know the proper- section. In other words, galaxy mergers proceed once the
ties of the merging galaxies. For now, we only want to cal- galaxies pass at sufficiently small distances with suffityen
culate where and when galaxies are merging, not how theylow relative velocity. There have been a number of theoreti-
evolved to their present state in the first place. Thisis odr p  cal estimates of these cross sections — we adopt here the fit-
mary reason for not constructing a full semi-analytic model ting formulae from Krivitsky & Kontorovich((1997), who cal-
rather than introduce a large number of uncertainties,-theo ibrate the appropriate cross-sections from a set of nualeric
retical prescriptions which we are not attempting to tesehe  simulations of different encounters and group environment
and tunable parameters in order to predict that e.g1aMQ This compares well with other calculations (White 11976;
halo typically hosts a- 1010M® star-forming galaxy, we can Makino & Hut|1997;l Mamaon 2006, and references therein),
adopt the established empirical fact that this is so. In de-and we find little difference using these alternative estima
tail, we populate subhalos according to an empirical halo oc tions. For large mass ratios and separations, the expnasssio
cupation model (e.g., Tinker etlal. 2005; Conroy éf al. 2006; appropriately reduce to the dynamical friction case.
Vale & Ostrikel 2006; van den Bosch eilal. 2006; Wang et al.  Angular MomentumBinney & Tremaine!(1987) consider
2006); i.e. matching the observed statistics of where galax this problem from the perspective of the angular momentum-
ies of a given type live (accounting for different occupatio ~ space in which galaxy mergers are allowed. This approach
for different galaxy types/colors, and the scatter in giglgx i similar to the capture estimates above, but accounting fo
hosted in halos of a given mass). capture into orbits as well. Whether or not such orbits will
This is sufficient for most of our predictions. We do not merge is, of course, somewhat ambiguous — it is likely that
necessarily need to know exactly how long it will take for some significant fraction are stable, and will not mergeavhi
these mergers to occur, only that they are occurring at agive others decay rapidly owing to resonance between the disk cir
redshift — i.e. that the objects will merge and that the merge cular frequencies and the orbital frequency. Neverthetaiss
time is shorter than the Hubble time (which for the mass satio serves to bracket the range of likely merger configurations.
of interest is essentially guaranteed). For example, ptiedi
the clustering of galaxy mergers does not require knowledge i .
of how rapidly they occur, onlyherethey occur. Even pre- Thus, to summarize our approach: at a given red-
dicting the observed merger mass function does not rely senshift, we calculate the halo mass_functioMpao) for
sitively on this information, since the duration over whtble ~ our adopted cosmology following Sheth et al. (2001). For
merger is visible will be comparable (albeit not exactlyayu  €ach halo, we calculate the (weakly mass and redshift de-
to the duration over which the merger occurs (such that a fixedPendent) subhalo mass function (or distribution of sub-
fraction~ 1 of all merging systems are observable). halos, P[Nsubhald Msubhalo  Mhaic]) following Zentner et al.

However, for the cases where it is necessary, we estimatd2005) and_Kravtsov et all (2004). Alternatively, we have
adopted it directly froml_Gao etlal. (2004); Nurmi et al.

2.1.2. Synopsis of model and uncertainties
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(2006) or calculated it following van den Bosch et al. (2005) 12 e A 1
Vale & Ostriker (2006), and obtain similar results. Notettha E - B
the subhalo masses are defined as the masses upon accretion ;&

by the parent halo, which makes them a good proxy for the E
hosted galaxy mass (Conroy erlal. 2006) and removes theun- 5 ¢
certainties owing to tidal mass stripping. = 105
Mergers are identified by the basic criteria described above \g P
We populate these halos and subhalos with galaxies follow- = of Baryonic Mass
ing the empirical halo occupation models lof Conroyetal. o “¢ -~ 7.~ Steilar Mass

(2006) (see also Vale & Ostriker 2006) normalized directly

with group observations following Wang et al. (2006yat0 8 E
(considering instead the occupation fits_in_Yang et al. 2003; £
Cooray! 2005, 2006; Zheng et al. 2005; van den Bosch et al. 75 ‘ ‘ ‘

2006, makes little difference). This determines both thame 1000 F~ ‘ ‘ :
stellar mass and dispersion in stellar masses of galaxstedho E

by a given halo/subhalo magMgai| Msubhaid, Which (op-
tionally) can be broken down separately for blue and red
galaxy types.

Figure[3 shows the mean galaxy mass as a function of
halo mass from this model at= 0. Since the halo occupa-
tion models consider stellar mass or luminosity, we use the
baryonic and stellar mass Tully-Fisher relations caldxddiy
Bell & de Jon@g|(2001) to convert between the two. (We have
also compared the global baryonic mass function estimated
in this manner with that observationally inferred in Belbét
(2003a) and find good agreement). If necessary, we calcu-
late the galaxy-galaxy merger efficiency/timescale usimg t e R e AR
different estimators described above. Figlte 3 also shows I Merger Timescale From: |
the expected merger efficiency as a function of halo mass i

=
=)
‘
\

for these mean values (i.e. probability of hosting a subhalo Eé [ Gcr:c;l:)rgure
within the appropriate mass range convolved with the calcu-  F 0.8 P Anaul -
lated merger timescale). The qualitative features are as ex ~ | / \ - l?/lgu ar wum ]
pected from FigurEl2. The different merger timescale estima £ 0.6 / \ omentum
tors agree well at large halo masses, with the dynamical fric <& [ / A\ - Dynamical
tion treatment yielding a somewhat longer (factora few) 5 04l ) Friction
timescale at intermediate masses (but this is near the eegim % i

of low Mnaio/Mgal Where the dynamical friction approxima- =2 8

tion is least accurate). g 021

The main elements and their uncertainties in our model are: 0.0E
1. Halo Mass Function: We begin by computing the over- ' 10
all halo mass function. There is very little ambiguity inghi log( M. / b My)
calculation at all redshifts and masses of interest 6; see halo ©
e.g. Reed et al. 2007), and we do not consider it a significant Fic. 3.— lllustration of basic elements of importance to wheatagy-
source of uncertainty. galaxy mergers occuflop: Average central galaxy stellar (dotted) and bary-

2 Subhalo Mass Function: The subhalo mass function 20 (o0 mass 2 uncon sfbos g s, nour pedcpted

of each halo is then calculated. Although numerical simula- ajternate halo occupation model from Yang étial. (2003, mgreely baryonic
tions and semi-analytic calculations generally give vémyis mass shownlMiddle: Corresponding halo-to-galaxy mass ramttom: Av-

lar results (especially for the major-merger mass ratidas-of Egagfeaaiglrjmgﬁﬁgi?esrgalﬁélgi%iqleer% ((C'\f;lllcul)?te%ra:]?;ﬂgg?g;eaegn;ég;
t.ereSt in this paper, as oppqsed to very Sma.” Su.bhalo F)Opu'amigned as described inrzﬁe Eext, from dy?}lamr;(a:gl friction {dashed), group
tIOI’lS, see van den BOSCh et a.l 2005), there IS St'” Some'(typ capture (SOlid), or angu]ar momentum (|ong dashed) coratides.

cal factor< 2) disagreement between different estimates. We

therefore repeat most of our calculations adopting both ourmasses).

“default” subhalo mass function calculation (Zentner étal 3. Halo Occupation Model: We then populate the cen-
2005;/ Kravtsov et al. 2004) and an alternative subhalo masdral galaxies and “major” subhalos with an empirical halo
function calculationl(van den Bosch etlal. 2005) (normalize occupation model. Although such models are constrained,
to match cosmological simulations aslin_Shaw ét al. 2006), by definition, to reproduce the mean properties of the ha-
which bracket the range of a number of different estimateslos occupied by galaxies of a given mass/luminosity, there
(e.g./Springel et al. 2001; Tormen etlal. 2004; De Lucia.et al are known degeneracies between parameterizations tret giv
2004] Gao et al. 2004; Nurmi et/al. 2006) and demonstrate therise to (typical factor~ 2) differences between models. We
uncertainty owing to this choice. The difference is ultizlpt ~ therefore again repeat all our calculations for our “defaul
negligible atMga > 10'°M, at all redshifts, and rises to only  model (Conroy et al. 2006) (see also Vale & Osttiker 2006)

afactor~ 2 atMga < 101°My, (probably owing to differences and an alternate halo occupation model (Yang et al.2008) (se

in the numerical resolution of different estimates at lodoha @lsolYan etall 2003; Zheng et al. 2005), which bracket the
range of a number of calculations (e.g., Cooray 2005, 2006;
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Zheng et al. 2005%; van den Bosch et al. 2006). Again, we find 2.2. Where Mergers Occur

this yields negligible differences alga 2 10°°Mg (as the We are now in a position to predict the statistics of mergers.
clustering and abundances of massive galaxies are redgonabryst e illustrate some important qualitative featuregg-
well-constrained, and most of these galaxies are centtal ha re[@ shows the merger efficiency (as in Figlre 2) for differ-
galaxies), and even atlow masses the typical discrepas&y ri - ent classes of mergers: major mergers with the central galax
to only ~ 0.2dex. _ _ in a halo, minor mergers with the central galaxy, and major
We note that we have also considered a variety of pre-mergers of two satellite galaxies in the halo. We show the re-
scriptions for the redshift evolution of the halo occupatio  gts for our “default” model, adopting the dynamical fioct
model: including that directly prescribed by the quoted merger timescale, but the qualitative results are indepeind
models, a complete re-derivation of the HOD models of of these choices. The key features are expected: major merg-
Conroy et al.|(2006) and Vale & Ostriker (2006) at different grg gre efficient at small group scales (halo masses) compa-
redshifts from the observed mass functions of Fontana et al,gpe to or just larger than the average host halo mass for a
(2006); |Bundy et al. [(2005);_Borch etal. (2006). _Blanton givenMg,. At largerMya, major mergers become more rare
(2006) (see E311), or simply assuming no evolution (in terms for the reasons in §2.1. However, although dynamical fric-
of galaxy mass distributions at fixed halo mass; for either al tjon times increase, the rapidly increasing number of ktatel
galaxies or star-forming galaxies). We find that the resglti  gystems in massive halos means that minor merger accretion
differences are small (at leastaf 3), comparable to those  gntg the central galaxy proceeds with a relatively conssént
inherent in the choice of halo occupation model. This is not ficiency. This will not trigger substantial quasar or stasbu
surprising, as a number of recent studies suggest thati$iere activity or morphological transformation, but may be impor
very little evolution in halo occupation parameters (imtsof  ant for overall mass growth in large cD galaxies, although
mass, or relative tb.) with redshift (Yan et al. 2003; Cooray  recent cosmological simulatioris (Maller etlal. 2006) ssgge
2005%;/ Conroy et al. 2006), or equivalently that the massesat major mergers dominate minor mergers in the assembly
of galaxies hosted in a halo of a given mass are primarily of massive galaxies (although their simulation does narekt
a function of that halo mass, not of redshift (Heymans et al. { the largest cD galaxies).
2006; Conroy et al. 2007). This appears to be especially true - gatellite-satellite minor mergers are a small effect at all
for star-forming and~ L. galaxies (of greatest importance masses, as expected (by the time a halo is sufficiently neassiv
for our conclusions; Conroy etial. 2007), unsurprising give g host a large number of satellites of a givdgy, the orbital
that “quenching” is not strongly operating in those systéms  ye|ocity of the galaxies about the halo is much larger than
change their mass-to-light ratios. _ their individual internal velocities). In what follows, vweill
_ 4 Merger Timescale: Having populated a given halo and  generally ignore satellite-satellite mergers. Includthgm
its subhalos with galaxies, we then calculate the timedoale g 5 very small correction (generaltg 10%), and their dy-
mergers between major galaxy pairs. This is ultimately the namics ‘are uncertain. Moreover, their colors and star ferma
largest source of uncertainty in our calculations, at akre tjon histories are probably affected by processes suclias ti
shifts and masses. Again, we emphasize that some of OUktripping, harassment, and ram-pressure stripping, wiih
calculations are completely independent of these timescal gre neither attempting to model nor test. We have however
However, where adopted, we illustrate this uncertaintyi®y p  checked that there are no significant or qualitative chatmes
senting all of our predictions for three estimates of thegBer oy predictions if we (naively) include the satellite-dtitee
timescale: a simple dynamical friction formula, a groupap term.
ture or collisional cross section estimate, and an angutar m  Ajthough the consequences of the merger will be very dif-
mentum (orbital cross section) capture estimate, all as deterent, the efficiency with which two galaxies merge does
scribed above. At large masses and redshiffs2.5, this is ot depend strongly on whether they are star-forming or
a surprisingly weak source of uncertainty, but the estithate red/passive (all else being equal). It is therefore a conse-
merger rates/tlmescales_ can be very different at low masseguence that, at low redshifts, gas-rich mergers are géyeral
Mga S 10°Mg, and the highest redshifis~ 3-6. ~ relegated to low stellar masses and field environments where
At low masses, this owes to a variety of effects, including such galaxies are common. Figlie 5 illustrates this. We plot
the substantial difference between infall or merger tiraec  the mean efficiency of major, central galaxy mergers (as in
and the timescale for morphological disturbances to be ex-Figure[3, but for the meaNlg at eachMnao) as a function
cited (differentin e.g. an impact approximation as oppdeed  of halo mass at each of three redshifts. At each redshift, we
the circular orbit decay assumed by dynamical friction). divide this into the observed fraction of red and blue galax-
The difference in redshift evolution is easily understood: jes at the given galaxy/halo mass, using the appropriate ob-
at fixed mass ratio, the dynamical friction timescale scalesserved, type-separated galaxy mass functions. The efficien
astgr o ty oc p7Y/2, but a “capture” timescale will scale with  of mergers at a given halo and galaxy mass does not evolve
fixed cross section dsx 1/(n{cV)) « p2, so that (while the  (note that this isiota statement that the overall merger rates
details of the cross-sections and dependence of halo concerwill not change, but rather a statement that the same galaxie
tration on redshift make the difference not quite as extremein the same halos will merge at the same rate). However, at
as this simple scaling) the very large densities at highhiifids  low redshifts, red galaxies dominate the mass budget, \aere
make collisional merging increase rapidly in efficiency.eTh at high redshifts, most galaxies are still blue (star-forg)in
true solution is probably some effective combination othe  all but the most massive halos. We will discuss the possi-
two estimates, and the “more appropriate” approximation de bility that mergers themselves drive this change in the blue
pends largely on the initial orbital parameters of the sldtha  and red fractions in Paper IlI, but for now illustrate that the
At present, we therefore must recognize this as an inherentfocations of gas-rich and dry mergers reflect where gas-rich
uncertainty, but one that serves to bracket the likely rasfge and gas-poor galaxies dominate the population, respégtive
possibilities at high redshifts. which is empirically determined at the redshifts of intéres
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F1G. 4.— Merger efficiency (arbitrary units; defined in the samanmer FiG. 5.— Merger efficiency (arbitrary units; calculated as ingyue[2)
as the lower panel of Figué 2, with different linestyleslie same style for as a function of halo mass (adopting the mé&g(Mhaio) from Figurel3).
various mass galaxies) for different classes of mergersngife subhalo Using the type-separated galaxy mass functions from Ball €2003b);
mass functions and halo occupation models, we can sepaggoe mergers Borch et al.[(2006); Fontana ef al. (2004kat0, 1, 2, respectively, we show
onto the central galaxy in a haltof), minor (mass ratio> 3 : 1 but< 10 : the fraction of galaxies at each mass expected to be gasnidigas-poor,
1) mergers onto the central galaxyigidle, and satellite-satellite mergers  at each of three redshifts. At high redshifts, all but the tmoassive merg-
(botton). Major mergers occur efficiently in central galaxies nésxr $mall ing galaxies will be gas-rich, whereas at low masses thgpgaspopulation

group scale for eacMgs. When galaxies live in very massive halos, they ~dominates at most masses where mergers are efficient.

experience a large number of minor mergers from the sateilipulation.

Satellite-satellite mergers are a relatively small eftecall galaxy and halo . ) ) .
masses. Integrating over the appropriate galaxy populations, Fig-

ure[6 compares the predicted 0 merger fraction as a func-
here. We note that our halo occupation models do not ex-tion of halo mass from this model with that observed. The
plicitly model a dependence of halo populations on central agreement is good over a wide dynamic range. Although
galaxy properties; i.e. the tentative observational satige there is a significant (factor 2) systematic difference based
that, at fixed halo and galaxy mass, red central galaxies areon how this fraction is calculated, this is within the rande o
preferentially surrounded by red (as opposed to blue)-satel present observational uncertainty. It is also importardie
lites (Weinmann et al. 2006). If real, the effect of such adre  tinguish the merger fraction of parent halos (i.e. fractidn
is to make the transition plotted in Figure 4 somewhat sharpe groups which contain a merger) and that of galaxies (i.e-fra
— this has little effect on our conclusions, but does soméwha tion of all galaxies at a givelilga or Mpao Which are merging),
lower the predicted gas-rich merger rates (and correspgndi as at large halo masses the rate of mergers onto the central
predicted quasar luminosity density) &£ 0.5 (since ared  galaxy could remain constant (giving a constant merger rate
central galaxy would have a lower probability of an infajijin ~ per halo), but the inefficient merging of the increasinglgéa
gas-rich system). number of satellites will cause the galaxy merger fractmn t



12 Hopkins et al.

fall rapidly. ity that companions will be accreted or captured from ifiitia
We also show the distribution of mergers (interacting pairs larger radii and merge in< ty.
and all galaxies in environmental density (local projected At larger radii, the enhancement is less pronounced. A

face densityXs = 5/(wd2), whereds is the distance to the galaxy in the center of a halo of a given mass in @ Mpc
fifth nearest-neighbor) from the local group catalogues of overdensity is not substantially more likely to experieace
Sol Alonso et al.[(2006) — we compare this data set directly major merger, because there is little contribution to itsgae
to our prediction by convertinds to Myq, using the mean  rate from those large radii (at least on short timescales; of
relation from Croton et al (2006), asin Baldry et al. (2006) course, ovet ~ t subhalos may be accreted from these radii,
(although as they note, the relation has considerablesspatt but by then the density structure will change and the merger
Similarly, we show the post-starburst (generally merger-re  rate will reflect that). Naturally, an overdensity at th& Mpc
nant) fraction from Hogg et all (2006) ahd Gato (2005), as a scale implies an enhanced density within that scale. Howeve
function of surface density on large scales. we are considering this for galaxies and halos of a specific
Our predictions and the observations emphasize that galaxynass, for which the virial radii are generally much smaller
mergers occur on all scales (in halos of all masses), andl in althan these scales, so the increased density in this anmsss d
environments. In a global sense, there is no preferred mergenot necessarily imply an enhanced galaxy density within the
scale. Thatis notto say that mergers of galaxies of a psaticu halos themselves (for th&nao), although it may affect the
mass do not have a preferred scale (indeed, in our modelingpverall abundance of the halos. As a general rule, merger
this is explicitly the small group scale), but rather beegaus rates will scale with environmental density on scales leas t
this scale is a function of galaxy mass, mergerswhemass  the virial radii of the masses of interest, and be independen
occur in all halo masses and environments. It is clear that itof density on larger scales.
is a mistake to think that mergers would not occur in field (or  Ifthe merger rate increases in regions with small-scale-ove
even void) environments, a fact which is very important ® th  densities, then mergers themselves should be biased to such
formation of spheroids and quasars in these locations. regions. To the extent that the small-scale galaxy overgens
. around a merger traces this overdensity (which we caution is
2.3. How Mergers Are Influenced By Environment notnecessarilfrue, as one of the initial galaxies in this over-
Figure[® demonstrates that, all else being equal, mergerslensity is, by definition, consumed in the merger), this iegpl
do not depend on the large scale environment. This is con-that mergers and merger remnants should preferentially ex-
ventional wisdom, of course, because mergers are an esseribit small-scale density excesses. The magnitude of tiis e
tially local process. However, there is one sense in which cess is straightforward to determine: for a given galaxg/ha
the merger rate should depend on environment. If the localmass, the distribution of environments (densities {0) on a
density of galaxies (supply of systems for major mergers) is given scale) is known. Then, for each scalethe calculation
enhanced by some factor+D, then the probability (or rate) in Figure[T gives the relative probability of a merger as afun
of major mergers should be enhanced by the same factor.  tion of overdensity. Convolving the probability of any otie
In detail, our adopted model for the merger/capture crossbeing in given overdensity with the probability of a merger i
section of galaxies (82.1) allows us to calculate the diffier  that overdensity gives the mean overdensity of mergersat th
tial probability that some halo/subhalo or galaxy popolatt scale, i.e.
a given distance will merge with the central galaxy in a time
< ty. Given the observed galaxy-galaxy correlation function (Xmergep _ | X PmergefX) P(X| Mhaio) dx @)
as a function of stellar mass (Li et al. 2006a), we can triv- (Xanl) - | X P(x| Mpaio) dx ’
ially calculate the mean number density of galaxies (pdessib
fuel for major mergers) in a shedlr atr, and combining this ~ wherex= (1+4,).
with the merger rate/cross section calculation deterntines It is straightforward in extended Press-Schechter themry t
differential contribution to the total merger rate of gats«of calculate of the probability of forming a halo of a given mass
that mass, from pairs at the separatibnThis can be thought in a given overdensity on a particular scale (Mo & White
of as either a capture process from halo/subhalo orbits, or al996). However, since we are calculating a galaxy overden-
global inflow rate from dynamical friction and gravitatidna sity in radii about the merger candidate, Poisson noiseris-do
motions; the results are the same, modulo the absolute mergenant on small scales where the average number of compan-
rate normalization (Binney & Tremaine 1987; Masjedi et al. ions is < 1 — nevertheless it is again straightforward to cal-
2006). Next, assume that the density of these companiongulate the probability of a given overdensity. In any case
is multiplied, at this radius, by a factor+l, (relative to the  we account for both effects, and show the results in Fig-
mean{(1+d,)) expected at that for the given central halo ure[8. Specifically, we show the average number of com-
mass). Integrating over all radii, we obtain the total merge panions within a radius of a givanabout a merger, for all
rate/probability, with the appropriate enhancement. field galaxies. We then multiply the field curve by the cal-
FigurelT illustrates this, calculated in several radiallshe culated overdensity of mergers as a functiom.offrhe exer-
using our gravitational capture cross sections to estitete  cise can then be trivially repeated for the correlation figmc
enhancement (the other cross sections yield similar ®sult £(r). We compare with observed post-starburst populations
The absolute value of the probability shown will be a fungtio (E+A/K+A) galaxies, and find that they display a similar ex-
of galaxy mass, halo mass, and redshift, but the qualitativecess on small scales. As before, the difference on largescal
behavior is similar. Unsurprisingly, density enhanceraemt is negligible — unsurprisingly, the density excess becames
small scalesr(< 100kpc, where most systems will merge) portantatr < r,; for the typical galaxies of interest.
linearly increase the merger rate accordingly. Note that de  Finally, we stress that the excess of companions on small
sity decrements decrease the merger rate only to a point -scales doesot, in this model, stem from those galaxies them-
this is because even for a galaxy with no companions within selves having any interaction with the central merger (rem-
a 100kpc radius, there is of course some non-zero probabilnant), but reflects a genuine small-scale overdensity (as in
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FiG. 6.— Top: Merger fraction as a function of host halo mass. The fraatiball halos (groups) predicted to host at least one majogeresf galaxy mass
> 10'%Mg, is plotted (eft), as is the fraction of all galaxies in halos of a givdRa, Which are mergingright). We show the predictions for several variations
of our standard model (described in the text) used to ideatlfmerging systems (black lines, as labeled), and addimpee detailed calculation of the actual
timescale for the physical galaxy mergers (blue lines, laaléal) and ability to morphologically identify them. Botteaompared with observed merger fractions
(points) from _Sol Alonso et al. (purple circles 2006) (weeem their measured intermediate-scale densities to gedralo masses followirig Baldry etlal. 2006;
Kauffmann et al. 2004, shown as open and filled points, respdg. Bottom: The observed distributions (fraction of objects per ladpanic interval in galaxy
surface density) of merger and normal galaxy environmémis) the group catalogues|of Sol Alonso et lal. (200éft), and the fraction of recent merger remnant
(post-starburst, K+A) galaxies as a function of galaxy atefdensity averaged on intermediatés {pc) and large (8 Mpc) scalesdht). Mergers occur on all
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FiG. 7.— Dependence of the merger rate/probability on enviremtai den-
sity decrement/enhancement within a given radiuse. galaxy overdensity
(1+6r)/((1+6r)) at a fixed galaxy and host halo mass (absolute units are ar-
bitrary here, and depend on these quantities). On scaleshias the typical
virial radii of interest, the merger rate increases withrdeesity (linearly at
or > 1), but it is independent (for a fixed halo mass) of largeeseaiviron-
ment.

small groups), in which mergers will be more likely.

2.4. Integrated Merger Populations Over Time

At a given redshift, we use our model to predict the mass
function of mergers. For clarity, we take the mass of a merger
to be the total stellar mass of the remnant galaxy (rougldy th
total baryonic mass of the merger progenitors). This avoids
ambiguity in merger mass ratios, tends to be observatipnall

representative (since mergers are generally labeled by tot
luminosity/stellar mass), and has been shown in simulation
to be a better proxy for the merger behavior than the initial
mass of either progenitor (as long as it is still a major merge
Hopkins et all. 2006a).

Figure[9 shows the mass functions of ongoing mergers at
each of several redshifts. We first consider the mass func-
tion of “all” objects which will merge efficiently — i.e. the
mass function of merging pairs. This requires no knowl-
edge of the actual timescale of the merger or e.g. lifetime
of tidal disturbances. The results agree well with the mass
functions and merger fractions estimated atza] 1.5, sug-
gesting that our model does indeed reasonably describe the
true nature of galaxy mergers. For comparison, we show the
results obtained using a different halo occupation moda$to
sociate galaxies and halos, or using a different set of simul
tions/models to estimate the subhalo mass functions. Asinot
in §[2.1, these choices make very little difference (conside
ably smaller than e.g. the systematics in the observations)

It is not always clear, however, that observations capture
all merging pairs (or that our definition of “all” is appropte
as, for some mergertyerger— th). Often, systems are iden-
tified as mergers on the basis of tidal disturbances and other
clear morphological signatures. We therefore calculage th
mass function of systems observed in this manner. This re-
quires that we adopt one of the models 2.1 for the merger
timescale, which tells us how long it will characteristlgal
take for a given merger to reach the interaction cross sectio
where tidal disturbances will be excited. Then, using numer
ical simulations to estimate the typical duration of thosa-f
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FIG. 8.— Excess galaxy overdensity on small scales predictechéogers
from our model. Because mergers are more likely when theeegalaxy
overdensity on small scales (Figlide 7), mergers will, omaye, occur in re-
gions with slightly enhanced small-scale densities. Wevstie real-space
correlation function lfottom technically the merger-galaxy cross correlation
function) and corresponding number of companions withinvarg radius
(top) of all field galaxies[(Goid 2005), and then this multiplieg the pre-
dicted excess on small scales for mergers (essentiallgrattag over the
probability bias to large overdensity on small scales inukéfif). Dashed
blue lines indicate the errors in our estimate from the cotion of uncer-
tainties in the field galaxy correlation function, the rargjegalaxy masses
considered (which slightly shifts the physical scale onaluhthe effect is im-
portant), and the inclusion/exclusion of Poisson noisehedistribution of
overdensities for a given halo mass. The observed numbevropanions
and clustering of post-starburst (likely merger remnamages is shown
for comparison, from_Gotd (2005, red circles) and Hogg (2806, purple
diamonds).

tures (in which they will be identified by typical morpholegi
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FIG. 9.— Mass functions (in terms of the remnant stellar masshgbing
mergers at each of several redshifts (labeled). Observed fuactions (solid
red points) are shown from Xu et &l. (2004, stars)land Bundy ¢2005, cir-
cles) (for a detailed analysis of the mass functions|_seéidsget all 2007a).
Error bars dmotinclude cosmic variance. Observed merger fractions (open
orange points), converted to a mass function estimate tieemtass range
sampled (horizontal errors) are shown from Bell ét al._(200®ss) and
Lotz et al. (2006b, squares), with errors including cosnaidance. We com-
pare the prediction of our default model (thick solid blaicke), for the abun-
dance of mergers and merging pairs. Dotted line employsfereift halo
occupation model, and dashed line adopts a different fitacstibhalo mass
functions (see Figurlgl 6 and 8 2.11.2). We also show the piedicfor mor-
phologically identified mergers (thin blue lines), whiclguéres estimating
the merger timescale/capture efficiency and duration optmalogical distur-
bances (see[&83.1). We estimate these using a group captiis@ioal model
(solid), angular momentum capture cross-sections (lospet), and simple
dynamical friction considerations (dotted), calibratihg duration of distur-
bances from numerical simulatioris (Lotz efal. 2007). Atseag, 10°Mg,
there is little difference owing to methodology. At very lamasses, simula-
tions suggest that the merger timescale (i.e. orbital ®<ing time after first
passage) is considerably longer than the time period oveatwgirong dis-
turbances are excited; however, this is below the masssso&iaterest for
most of our predictions.

high-mass systems merge more quickly, excite morphologi-
cal disturbances more easily on first passage, and are éright
(making faint morphological features easier to identifAt
very low massedlgq < 101°M, our predictions do diverge

— this is because the overall infall or merger timescale can
become substantially longer than the timescale over which
morphological disturbances are excited (in these cases, th
occurs closer to the final coalescence). Although this con-
clusion merits more detailed numerical investigation itufa
work, it has little effect on any of our predictions — for ex-
ample, the total merger fraction (especially at high reftsisi
restricted to larger-maddy, 2> M, systems, where the predic-
tions agree well, and the overall merger mass density idynear
identical regardless of the methodology. Furthermoresgua
and galaxy formation processes are probably influenced (or

cal classification schemes, see Lotz €t al. 2007), we olfteint even dominated) by other mechanisms (such as secular disk
observed “disturbed morphology” mass functions. We per- instabilities and quenching via infall as a satellite ggjaat

form this calculation using each of the methods for caléaudpt

these low masses, which we do not attempt to model.

the merger timescale described in§ 2.1. Note that the number We next integrate the mass functions in Figure 9 above a
of systems according to this convention can exceed thatrin ou given mass limit to predict the merger fraction as a function

“all pairs” definition if the timescale on which disturbarsce
are visible is longer than the “infall” timescale or timekca

of redshift, shown in Figure_10. The fraction is determined
relative to the mass functions lin_Fontana etlal. (2006), who

on which the subhalo survives (the case for very efficient in- provide a continuous fit over the range of interest. But we not

fall/capture).

that since this is an integrated quantity, the differencmpad

At high masses, the difference between samples of merging other mass function estimates (e.g. Borch Et al. 2006) is
ing pairs and those of disturbed systems is small, as is thesmall (at least at < 1.5). Comparing this to a range of obser-
difference between our choice of methodology in calcugatin  vations, the agreement is good, especially for the deepss ma
the merger abundances and/or timescales. This is becausémit. For high mass merger#fga > 10 M) there is greater
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scatter in the observations, which most likely owes to casmi merging atz= 0 as opposed to an average assembly redshift
variance (especially &< 0.2). In both cases, however, the z; ~ 6) the result is that the standard EPS formalism under-
merger fraction is not an especially steep function of rétish  estimates the bias by 30%. For the estimated character-
In fact, betweerz = 0.3-1.5, the fraction increases by only istic quasar host halo masses and redshifts of interest here
a factor~ 3-4, consistent with most observations finding the maximal effect is< 10% at allz= 0-3, much smaller
a relatively flat merger fraction in this range (e.g. Lin etal than other systematic effects we have considered (and gen-
2004 Lotz et al. 2006b) and recent cosmological simulation erally within the range of our plotted variant calculatians
(Maller et all 2006). Further, although halos may be merging Figure[11). This is consistent with Gao & White (2006) and
more frequently at high redshift, they are also merging more|Croton et al.|(2007) who find that assembly bias is only im-
rapidly, meaning that the fraction merging at any instamt ca portant (beyond the 10% level) for the most extreme halos or
be relatively flat. galaxies in their simulations, where for example the clusge
Finally, given our model for the halos hosting mergers, it is of small halos which are destined to be accreted as substruc-
straightforward to calculate the predicted clusteringoerties ture in clusters¥ 10'°h~*M.,) will be very different from the
of those mergers. Specifically, we have already predicted aclustering of similar-mass halos in field or void environngen
number density of mergers as a function of halo mass, galaxyindeed, our own calculation in Figuré 8 suggests that merger
mass, and redshift; i.e. SOMRerge{Mgal| Mhalo, 2). Knowing bias applies only on small scales, and that mergers show no
the clustering amplitude or bias of each host H&Mna0| 2), preference for excess densities on the large scales fohwhic
it is straightforward to predict the clustering of the meigi  the linear bias description is meaningful. The effect maygr
galaxies, in the same manner by which halo occupation mod-with redshift, however, so care should be taken in extrapola
els construct the clustering of a given population: ing the predictions in Figufe11 to higher redshifts. Fottfer
discussion of the effects on the data and predictions shown
b(Mya) = J D(Mhaio) Nmerge{Mgal | Mhaio) dMhalo 3) here, we refer tb Hopkins etlal. (2007d).
ol | Nmerge{Mgal | Mhaio) dMhaio For the sake of future comparison, we show in Fidute 12 our
) _ predictions for the merger fractions and clustering of reesg
We calculateb(Mnaio) following IMo & White (1996) as up-  (Figure[I0 &[11, respectively) at all redshiftss 0-6. We
dated by Sheth et al. (2001) to agree with the results of nu-note the caveat that our merger fraction is defined relative t
merical simulations. _ o the mass functions [n Fontana et al. (2006), which become un-
Figure[I1 shows this as a function of redshift. Since ob- certain at high redshifts, although this uncertainty is pana-
servations generally sample nefédg, ~ M., we plot this  ple to the differences between the methods of calculatiag th
for Mga = M.(z= 0) ~ 10"*M,. We compare with avail-  merger timescale (as discussed [01§2.1.2). Itis also less cl
able clustering measurements for likely major-merger popu what the observable consequences of mergers at the highest
lations. At low redshifts, Blake et al. (2004) have measured redshifts may be — if merger rates are sufficiently high,aher
the clustering of a large, uniformly selected sample of post may be a large number of multiple mergers (as_in_Li et al.
starburst (E+A/K+A) galaxies in the 2dFE. Infante etal. (ZD0  (2006b)), or systems may effectively be so gas rich that merg
have also measured the large-scale clustering of closgygala ing preserves disks and operates as a means of “clumpy ac-
pairs selected from the SDSS at low redshift. At high redshif cretion” (e.gl Robertson etlal. 2006a).
no such samples exist, hut Blain et al. (2004) have estimated Although the estimates differ at the highest redshifts, we
the clustering of a moderately large sample of spectroscopi stress that their integrated consequences at low redgfyts
cally identified sub-millimeter galaxies at- 2-3, which as 3 are similar, as this is where most merging activity and
discussed in §]1 are believed to originate in major mergers.spheroid/BH mass buildup occurs. We also note that high-
Our prediction is consistent with these constraints — h@wnev redshift mergers are likely to be the most massigg > M.,
given the very limited nature of the data and the lack of a uni- systems, so we show our predictions for the clustering of
form selection criteria for ongoing or recent mergers dedif mergers assuming different mass limits (as opposed tdlgtric
ent redshifts, we cannot draw any strong conclusions. at Mgai = M,). We also plot the mass flux in mergers, i.e.
One caution should be added: recent higher-resolution sim-the integrated rate at which galaxy baryonic/stellar mass i
ulations suggest that the approximation here (and in many —-merged, [ Mgar(Mga) dlogMga.  This compares favorably
but not all — halo occupation models), that bias is a function with the observationally inferred rates at which mass isedov
only of halo mass at a given redshift, may not be accurateoff the blue cloud, through the “green valley,” and onto the
(e.g.,.Gao & White 2006; Harker etlal. 2006; Wechsler et al. red sequence (from the evolution in galaxy mass functions
2006). In particular, because mergers have particularly re and color-magnitude relations; see Martin et al. 2007) xas e
cent halo assembly times for their post-merger masses, theypected in a model where mergers drive such a transition (for
may represent especially biased regions of the density dis-details, see Paper Il). Future observations of these digmnti
tribution. Unfortunately, it is not clear how to treat this at high redshift will improve the constraints on our halo oc-
in detail, as there remains considerable disagreementin th cupation and merger timescale estimates, allowing for more
literature as to whether or not a significant “merger bias” accurate calculations of e.g. quasar triggering and sjhero
exists (see, e.g. Kauffmann & Haehnelt 2002; Percivallet al. formation rates at these epochs.
2003;/ Furlanetto & Kamionkowski 2006; Lidz et al. 2007b).
Furthermore the distinction between galaxy-galaxy and-hal 3. QUASARS
halo mergers (with the considerably longer timescale fastmo . .
galaxy mergers) means that it is not even clear whetherornot ~ 3-1- €onsequences of Merger-Driven Fueling: What
after the galaxy merger, there would be a significant age bias Determines Where and When Quasars Live
In any case, most studies suggest the effect is quite small: Having developed in E12 a physically-motivated model of
using the fitting formulae from Wechsler et al. (2002, 2006), merger rates as a function of galaxy and halo mass, environ-
we find that even in extreme cases (e.dM@o > M, halo ment, and redshift (and tested that this model is consistent
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FiG. 10.— Predicted merger fraction as a function of redshifte, same style as Figuré 9), above two approximate mads.li®bservations (points)
are shown from_Patton etlal. (2002, filled inverted triangl€®nselice et al! (2003, filled circles), Bundy et Al. (20filed triangles)/ Lin et 2l.[(2004, open
diamonds)._Xu et all (2004, open stafs). De Proprisiet ab¥26pen circles). Cassata el al. (2005, filled diamonds})f &all (2005, filled stars). Bundy etlal.
(2005, open triangles)). Lotz etlal. (2006a, open inverteohgtes) Lotz et all (2006b, open squarés). Bell ef al. §2@i0ed squares), and Bridge et &l. (2007,
x's). Note that the mass limit is only approximate in sevefdhese cases, as they are selected by optical luminositypiédicted merger fractions agree well,
especially for the deeper case which resolMasgalaxies.

the buildup of black hole mass.

1 From the Soltan (1982) argument, the black hole mass den-

5 E sity of the Universe must be dominated by growth in typi-
) E cal, bright quasar phases with canonical radiative effagien
S 1 er ~ 0.1. Let us construct the simplest possible model: merg-
s 4 E ers (of M, galaxies) characteristically occur at a host halo
g 1 mass~ Mmerger From the halo mass function, it is straight-
T 5 E forward to calculate the rate at which halo mass crosses this
;E. ] mass threshold,
o ]
3 2 E Phalo = ﬁWa (4)
m B

10 E whereF (> Mpaio, 2) is the fraction of mass in halos of mass

00 05 10 15 20 g greater tharMp,0, determined from the Press-Schechter for-
: ' ' B ' ' ' malism revised following Sheth etlal. (2001). Assume that ev
ery such halo undergoes a merger approximately upon cross-

FiG. 11.— Comparing our predicted clustering ®fM. major mergers ing this mass threshold, which transforms its galaxy froskdi
(lines; style as in Figuilgl 9) as a function of redshift to treatous populations to spheroid The hosted BH mass therefore grows from some
usually associated with galaxy mergers (points): posbstat (E+A/K+A) bi il ’ I h d . he BH
galaxies|(Blake et dl. 2004, star), close galaxy pairs figf&t al[ 2002, dia- arbitrarily sma ,amount _tO the eXpeCte_ mass given the -
mond), and sub-millimeter galaxiés (Blain elfal. 2004, seua host mass relations, which we can writeMgy = v(2) Mhaio
(we distinguish this fronMgy = 1(2) Mga)). The ratiov(2) is
it th isting body of b . determined ta ~ 3 from the clustering of active BHs of a
wit tde eX'Sthf. ody o me[jg_er o se(jr\{atlons), x"e can NoW given mass at each redshift (see €.g., da Angeld et all 2006;
](?xten our app |catt|)0n. As discusse ”(tj[]§ 1, the ﬂrgumfmFine et all 2006; Hopkins etlal. 2007d,c), and indirectlyrfro

or an assoclation between mergers and quasars has a loNgeterminations of the BH host galaxy masses (Peng et al.

history. We therefore make the simple anséxery major  5006). The total rate at which BH mass is built up is then
merger of star-forming/gas-rich galaxies triggers a quasa

From this statement, we can make a nhumber of robust pre- . . _dF (> Mhai)
dictions. In §2 we derived the characteristic host halo mass pBH = 1(2) Phaio = v(2) p — q (5)
for mergers ofv M, galaxies. To the extent that these are gas-
rich systems, this should therefore also represent theachar and the bolometric luminosity density jgo = € g C%. Fig-
teristic host halo mass of quasars, and (since the massylensi ure[I3 compares this simple estimate with the observed bolo-
of the Universe is dominated by systems nedl,) dominate metric quasar luminosity density as a function of redshift.

w
o
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FIG. 12.—Top: As Figurd 10, but extending our predicted merger fractions
to high redshift.Middle: Mass flux through mergers (i.e. total rate of stellar
mass merging). Black points are observed merger fractiongetted to an
estimated mass flux rate following Hopkins et al. (2007a)eddr red, and
blue circle show the observationally inferred mass flux digio the “green
valley” (i.e. from blue cloud to red sequence), rate of gtowt the red se-
guence, and rate of mass loss off the blue cloud (respegtifedbmz ~ 0-1
(Martin_et al 2007) (see Paper Il for a more detailed conspai. Bottom:

As Figure[T1, but extended to higher redshift. Blue and neéslishow the
clustering of mergers above the given mass thresholds.
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age mas$/gy = 11(2) Mga. We should properly only consider
mergers of gas-rich or star-forming systems, as dry mergers
will, by definition, not be able to trigger quasar activitydan
form new BH mass. Therefore, we empirically adopt the frac-
tion of red and blue galaxies at eaklya, Mhaio (as in §2) to
restrict only to mergers of blue galaxies. Agaiiiz) has been
directly determined from observations (Peng et al. 200, a
estimated from theoretical arguments (Hopkins &t al. 2p07¢
For convenience, we adopt the numerical best-fit estimate of
1(2) from|Hopkins et al.[(2007c). A good approximation to
this numerical function is

1+25/2
1+ (2/1.775)5/2) ’

which matches the asymptotic observed values at low and
high redshift [((Haring & Rix_2004; Walter et al. 2004), and
captures the observed weak evolutiorzte 1 and rapid evo-
lution betweerz=1-3 (Shields et &l. 2003; Peng etlal. 2006;
Salviander et al. 2006). Given the merger nat®lga|2), we

can then convert this to a cosmic rate of formation or bujd-u
of BHs in merger-driven quasars,

12 ~ 0.0012( 6)

i(Man|2) = / P(Mer | Mga) (Mga | D dlogMgar.  (7)

The intrinsic dispersion about the mean BH-host mass rela-
tion appears, at all redshifts, to be roughly lognormal with
width ~ 0.27 dex, so we modé?(Mgy | Mga) as such. Once
the total rate of formation of BH mass is calculated, the same
conversion above yields the quasar luminosity density.
Figure[I3 shows the results of this more detailed calcu-
lation. They are similar to the results from our extremely
simplified model — which reflects the fact that most of the
mass/luminosity density is contained nédy or L.. Note
that considering all mergers (i.e. including dry mergex&re
predicts the quasar luminosity density at low redshiftsisTh
demonstrates that the decrease in the quasar luminosity den
sity at low redshifts is, in part, driven by the fact that an in
creasing fraction of massive systems have already beestran
formed to “red and dead” systems at late times, and are no
longer available to fuel quasars, even if they undergo subse
quent dry mergers. By ~ 0, for example, a large fraction
(~ 50%) of the mass density i+ M, systems has already
been gas-exhausted (discussed in detail in Paper I1), anekth
fore such mergers are no longer a viable fuel supply for quasa
activity. As discussed in[832.2, the predicted gas-rich merg
mass density (and corresponding quasar luminosity dgnsity
atz < 0.5 will be slightly lower if these gas-exhausted sys-
tems are preferentially surrounding by gas-exhausted-sate
lites (compared to gas-rich central galaxies of the samesmas
in similar halos), but it is clear in Figufe 113 that this is com
pletely consistent with the observations (especially duse
lar processes contribute significantly to the quasar lusiipo
density at low redshifts and luminosities, as we expect from
our comparisons in[§3.3).

The agreement is striking, which suggests that this toy Having calculated the rate of BH formation as a function of
model, such that the bulk of the assembly of BH mass oc-the remnant BH massiMsn |2), it is trivial to integrate this
curs near the transition halo mass, is reasonable. This alsdorward and predict the BH mass function (BHMF) at any

naturally explains the rise and fall of the quasar luminosit
density with time. However, this is ultimately just a simple

time. Figure_I¥ shows the result of this calculatiorz atO,
compared to the observationally estimated BHMF. The two

approximation — we can consider this in greater detail adopt agree well at all masses, even at very lakig; ~ 10°°M,.
ing our previous estimate of the merger rate as a function of We also show the BHMF at several other redshifts. Interest-

stellar mass and redshifii{Mga|2), from §[2. Each major

ingly, there is a downsizing behavior, where a large fractio

merger transforms disks to spheroids, building a BH of aver- of the most massive BHs are in place by 2, while less
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FiG. 13.— Predicted quasar luminosity density, if quasarsraggered in mergers, as a function of redshifeft: Prediction from a simplified toy model in
which all halos hosting- L. galaxies undergo major mergers near their characteristit! group mass scale, and build a BH which obeys the aptig —
Mhalo relation for that redshift (estimatddgy —Mnaio @s @ function of redshift from_Hopkins etlal. 200[d: Fine €806 Hopkins et al. 2007c¢, corresponding
to solid, long dashed, and dot-dashed lines, respectivé®gints show observational estimates from the measureds @LEleda et al. (2003, red circles),
Hasinger et all {2005, blue triangles), Richards e{ al. $2@0een diamonds), and the large compilation of multinervgth QLF data in” Hopkins etlal. (2007e,
black stars). The observations from specific bands are deavé a bolometric luminosity density using the boloneetrrections calibrated [n Hopkins ef al.
(2007k). Right: Same, but the predicted luminosity density is calculatezp@rly accounting for all galaxy and halo masses from thegererate functions
determined in §12, and adopting the observed ratio of BH to ¢i@lsxy spheroid mass as a function of redshift (e.g. Peati[8006). Linestyles correspond to
different means of estimating the exact merger rates, agyimréfd. Red lines assume all mergers will trigger quasaaskk(lower) lines assume only gas-rich
(“wet”) mergers can trigger bright quasar activity (adogtithe observed fraction of gas-rich/star-forming/bluéagias as a function ofga andMhnaio as in
Figure[B). A merger-driven model naturally predicts both tise and fall of the global quasar luminosity density tchhigecision.

ble). Itis not obvious, however, that this translates to s

ing in galaxy mass assembly, since the ratio of BH to galaxy
massu(2) evolves with redshift. We will return to this ques-
tion in Paper II.

Since we begin our calculation with the halos hosting
quasars, we should be able to predict the bias of quasars as
a function of redshift. As in Figure_11, we use the known
clustering of the halos hosting mergers to calculate the-clu

.
IN

T T T T T T T T T T T
L b b

log( ®Mzy) ) [Mpc® log(Mg,,)]

5 N 1 tering of those mergers as a function of redshift. Assuming
1 each merger produces a quasar of the appropriate mass, this
E yields the expected clustering of quasars as a functiondsf re
6 R shift. Figurd Ib compares this prediction to observed quasa
clustering as a function of redshift. Technically, we adibgt
b U NN quasar lightcurve models from[&8.2 below to determine the
7.0 7.5 8.0 8.5 9.0 9.5 10.0 clustering specifically oE,. quasars (i.e. determining the rel-
log( Mg/Mo) ative contribution ta_, from different host masses and their
FIG. 14.— Predicted BH mass function (BHMF) from gas-rich merge CIUSter!ng as in Figurie 11), but the resultis r_1ear|y 'demm_
driven quasar/BH formation (Figufel13, right). Results shewn atz = 0 assuming thatt, quasars trachl, mergers (Figure_11). This

(black lines; linestyles correspond to different caldolas of the merger  should be true in any model, as long as the quasar lifetime is a

rates, as in Figurg|9), are= 1, 2, 3 (blue, green, and red, respectively; for - gmoth function of luminosity or host mass. We also compare
clarity, only our fiducial calculation — solid line — is showlut relative evo-

lution with redshift for each calculation is similar). Yelt (shaded) range ~ With the directly observed clustering of small groups sémil
shows thez = 0 observational estimate of the BHMF.in Marconi ét[al. (004  to our definition.

Integrating forward the merger mass functions as a funatfsrdshift yields The agreement is quite good at al 2. At higher red-

a good”match to the local BHMF. The effect of dry mergers iduided, but shifts, the observations show considerably larger scatesr

'S smat. haps owing to their no longer being complete near the QLF
. . _ L. — future observations, sufficiently deep to clearly resolve
massive BHs form later (essentially required by the fact tha | are needed to test this in greater detail. We also consider
few ~ 10°Mg, BHs are active at low redshift, while a very the predicted clustering If, quasars were associated with the
high fraction are active &~ 2, see McLure & Dunlap 2004; large group scale d¥l, galaxies (for simplicity we take this
Kollmeier et all 2006; Fine et al. 2006). If we were to ignore g e halo masses 5-10 times larger than the small group
dry mergers at low redshifts, this effect would be even more scaje; where our halo occupation model predicts of ozdar
pronounced, but at < 1 their effect is to move some of the  gatellite~ M, galaxies), and the expectation from a secular

BH mass density from lower-mass systems into higher massmodel, in which quasar clustering traces the observed clus-
> 10° M, systems (at higher redshifts, the effects are negligi-
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11.5 Direct Small-Group Measurements

FIG. 15.— Predicted quasar clustering as a function of redshst
suming merger-triggering (black lines, as in Figlre 9), responding
to the small group scale ofv M, galaxies. Red (upper) shaded
range show the prediction if quasars were associated witie lgroup
scales, blue (lower) range show the prediction from a secoiadel
in which quasar clustering traces that of star-forming xak ob- 1250
served at each redshift (lines showlo range estimated from the T
compiled observations in_Hopkins et al. (2007d), from Sleeglet al. e ;
(2002); [Giavalisco & Dickinson [ (2001); _Norberg et al._(2p0Zail et al. 12.0
(2004); [ Zehavi et al.[ (2005); Adelberger et al. (2005); Al al. (2005);

Phleps et al.[(2006): Meneux el &l. (2006). Lee étlal. (200€)ints show 11.5
quasar clustering measurements from_Croomletial. (2005, sqedres),
Porciani & Norbergl(2006, green diamonds), Myers é{al. 6200, cyan and
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Small Group Scale from Halo Occupation
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blue circles), and_da Angela et al. (2D06, violet stars). geablack stars 0 1 5

show the observed clustering of- 1 small groups (of- L. galaxies) from

Coil et al. (2006), corresponding to the most efficient seébe major~ L. FiG. 16.—Top: Characteristic halo mass implied by quasar clustering mea-
galaxy mergers. Quasar clustering measurements are omsigith the surements. Points show the &llowed range in host halo malt,,, corre-
small group scale in which mergers proceed efficiently. sponding to the quasar bias measurements in Flgdre 15 (isathe style).

Shaded magenta regions show the range of halo masses farthepond-

i _ i i i ing redshift bins in the SDSS$ (Shen etlal. 2007). The solid hows the
tering of star formlng galaXIGS (taken from the observatio best-fitMpa10(2) to all observations, with thedl(20) allowed range shaded

COIleCted_ in_Hopkins et al. 2007d_) — neither agrees With_ the orange (cyan)Middle: Shaded range again shows the characteristic host halo
observations. Note that these estimates may not be aplglicab mass implied by quasar clustering. Points show the halo ses implied

to the highest-redshift quasar clustering measuremehtsgv by direct measurements of observationally identified sgrallips (velocity
flux limits allow only the most massive > L, systems to be dispersions< 200km %), from[Brough et al.[(2006) &~ 0 (squares), and

; ; ; from from clustering measurements of groups flom Ekele28104, trian-
observed (bUt see FIgLE]lZ for how the CIUSte”ng amp“tUdegles) and Coll et all (2006, star®ottom: Same, but showing the small group

varies with merger masses). halo mass estimated indirectly from the empirically defeed halo occupa-

We can invert this, and compare the empirically determined tion distribution (HOD). Black inverted triangles adopethest-fit HOD from
scales of quasar host systems with the small group scaléawhic ocongofyvg:[iggtcrlﬁ()e ﬁ%gg)figlt«:g?%?ﬂ)c} ‘t)ﬁge'[lggf}i ;ﬁ%ﬂggﬁ:’e‘a
should dominate gas-rloh L. galaxy mergers. FIQUIEI].G gg?;xy stellar mass functions[in Fontana et/al. (2006, ki) Borch et al.
shows the mean host mab,, which corresponds to var- (2006, purple squares<), Bundy et al. (2005, 2006, red sclend Blantdn
ious quasar clustering measurements (i.e. rangdgf, for (2008, orange triangles). The characteristic scale-df. quasar hosts ap-
which the expected quasar bias agrees with the obserted pears to robustly trace the characteristic small grougesulat L. galaxies;
range). We compare this with direct measurements of thel® the mass scale at which galaxy mergers are most efficient
halo masses corresponding to small groups &, galaxies,
determined from both clustering measurements and velocity At all observed redshifts, the scale-ofL, quasars appears
dispersion measurements of observationally identifiedgso  to trace the small group scale — i.e. whatever mechanism trig
with dispersionsr < 200kmst. We can also estimate the gers~ L, quasars operates preferentially at the characteristic
appropriate small group scale from the halo occupation for- small group scale for L, galaxies, where mergers are ex-
malism. pected to be most efficient.

Specifically, following the formalism of_Conroy etlal. In §[2.3, we demonstrated that the increased probability
(2006), if galaxy luminosity/mass is monotonic with sulthal of mergers in regions with excessall scaleoverdensities
mass (at the time of subhalo accretion), then we can take anyneans that the typical merger is more likely to exhibit an ex-
galaxy mass function, monotonically rank it and match to our cess of clustering on small scales, relative to averagemsyst
halo+subhalo mass functions, and obtain a new halo occupaef the same halo mass. If quasars are triggered in mergers,
tion model which predicts a small group scale —i.e. the rangethis should be true as well. We therefore apply the identical
of halo masses at which satellites of mass., first appear.  methodology from Figurigl8 to calculate the excess cluggerin
As discussed in B 2.1, the choice of mass functions and howsignal expected in active quasars. Figuré 17 shows the re-
the HOD is constructed makes little difference (facto2) to sults of this exercise. We adopt the large-scale mean cluste
our predictions, so (unsurprisingly) these all yield a &mi  ing expected frorn Myers et al. (2006b), specifically usirg th
estimate of the small group scale to our default model predic formulae of_ Smith et al. (2003) to model the expected non-
tions. linear correlation function in the absence of any bias, then
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Fic. 17.— Excess small-scale clustering of quasars expecttrbyf are triggered in mergers, as in Figlife 18ft: Observed correlation functions from
Myers et al. [(200€b, blue circles) ahd Hennawi étlal. (2006ey diamonds), measured ferL. quasars over the redshift ranges- 1-2. Dashed black
line shows the expected correlation function (nonlineak daatter clustering frorn_Smith etlal. (2003), multiplied te appropriate constant large-scale bias
factor) without a small-scale excess. Red lines multiplg By the predicted additional bias as a function of scalef§2.3, namely the fact that small-scale
overdensities increase the probability of mergers. Saiiel $hows our mean prediction, dashed the approximate range, as in Figurlel &enter: Same, but
dividing out the best-fit large-scale correlation functi@e. bias as a function of scale). Black squares in uppeelpstmow the measurement for true optical
quasars£23.3 > M; > —24.2) from[Serber ef al[ (2006) at~ 0.1-0.5. Right: Ratio of the mean bias at small radii ¢ 100h1kpc) to that at large radii
(the asymptotic values in the center panel), at all redshifiere this has been observed. Lines show the predictedseftcen the previous panels (lower line
averages down to a minimum radius 50h~1kpc, upper line to a — potentially unphysical — minimam 10h~tkpc).

apply the formalism from Figuilg 8 to estimate the additional To proceed further, we must adopt some estimates
bias as a function of scale. Comparing this to observations,for quasar lightcurves and/or lifetimes. Following the
the measurements clearly favor an excess bias on smalsscalanethodology developed by Springel & Hernquist (2003) and
(r < 100-200hkpc; [Hennawi et al. 2006), similar to our Springel et al.[(2005b), Hopkins et al. (2006a,b) use a large
prediction, over a constant bias at all scales. This apgears set of several hundred hydrodynamical simulations (see
be true at all observed redshifts; the excess relative beas wRobertson et al. 2006b) of galaxy mergers, varying the rele-
predict at small scales is simply a consequence of how thevant physics, galaxy properties, orbits, and system masses
probability of a merger scales with local density, so it does to quantify the quasar lifetime (and related statistics)aas
not vary substantially as a function of redshift. function of the quasar luminosity. They define the quan-
It should be noted that the excess of quasar clustering orfity to(L|Mgn), i.e. the time a quasar of a given BH mass
small scales might also reflect an excess of merging binaryMgn (equivalently, peak quasar luminosityeay will be ob-
quasars, i.e. merging systems in which the interaction hasserved at a given luminosity. They further demonstrate
triggered quasars in each merging counterpart. For the reathat this quantity is robust across the wide range of var-
sons given in &1, this situation is expected to be relatively ied physics and merger properties; for example, to the ex-
rare (even if all guasars are initially triggered by galaxgrg: tent that the final BH mass is the same, any major merger
ers), but Myers et all. (2006b) note that only a small fractibn ~ of sufficient mass ratio (less thax 3 : 1) will produce
merging pairs need to excite quasar activity in both membersan identical effect. We adopt these estimates in what fol-
in order to explain the observed clustering excess. Figdre 1 lows, and note that while there is still considerable uncer-
demonstrates that a similar excess is observed in both thdainty in a purely empirical determination of the quasae-lif
quasar-quasar autocorrelation function (Hennawilet #1620 time, the model lightcurves are consistent with the present
Myers et al. 2006b) and the quasar-galaxy cross-correlatio observational constraints from variability studies (Ntairt
function (Serber et al. 2006), arguing that it primarilyeefs 2004, and references therein), clustering (Croomlet al.
a genuine preference for quasar activity in small-scale-ove 2005;|Adelberger & Steidel 2005; Porciani & Norberg 2006;
densities. In any case, however, the excess on small scaleiyers et all 2006a; da Angela et al. 2006; Shen gt al. 12007),
is a general feature of a merger-driven model for quasar ac-Eddington ratio measurements_(McLure & Dunlop 2004,
tivity. Indeed, the predicted excess is also seen in high-Kollmeier et all 2006), active BH mass functions (Vestergaa
resolution cosmological simulationis (Thacker et al. 20@6) 2004; Fine et al. 2006; Greene & Ho 2007), and cosmic back-
quasars are specifically identified with (“attached to”) amaj ground measurements_(Volonteri etlal. 2006; Hopkinset al.
mergers. Secular (bar or disk instability) fueling meckars, 2007e).
on the other hand, should (by definition) show no clustering The quasar luminosity functiop(L) is given by the convo-
excess relative to median disk galaxies of the same mass antution over the merger rate (rate of formation of BHs of final
properties, in contrast to what is observed (although ieegr massMgy in mergers) and quasar lifetime (differential time
ment with what is seen for low-luminosity Seyfert galaxies, spentatluminosity. by a BH of final mas#gy):

see §3.B).
o(L) = / to(L| Mer) i(Meys | DdlogMen.  (8)

Note this technically assumés < ty, but this is true for all
luminosities and redshifts of interest here. Figuré 18 show

3.2. Model-Dependent Predictions: Additional
Consequences of Quasar Light Curves



Co-Evolution of Quasars, Black Holes, and Galaxies | 21

log(@(L)) [Mpc™ log(L)]

101k : 1 z=4.0 1 z2=50 \ ]
10 11 12 13 14 15 10 11 12 13 14 15 10 11 12 13 14 15
log( L/Lg)

FIG. 18.— Predicted quasar luminosity functions, convolving predicted merger rate functions (Figlile 9; same lineespywith quasar lightcurves from
simulations[(Hopkins et al. 2006a). Red lines allow dry reesgo trigger quasar activity as well (leading to an ovéreste at low redshifts, as in Figurel13).
Points show observed bolometric luminosity functions atheaedshift, from the compilation of observations in Hopket al. [(2007e). QLF measurements
derived from observations in the optical, soft X-ray, hargay, mid-IR, and narrow emission lines are shown as greler, bed, cyan, and orange points,
respectively. The merger-driven model naturally predicésobserved shape and evolution of the QLF at all redshifts.

this prediction at a number of redshifts, compared to the < 1®yr, similar to observational estimates (Martini 2004).
large compilation of QLF measurements from Hopkins et al. At very low masses/levels of activity, other fueling mecha-
(2007e). The agreement is surprisingly good at all redshift nisms may be dominant — for comparison with e.g. the ac-
At the most extreme luminositids,, > 3 x 10%L, at each tive fractions in_Hao et al/ (2005) of typicaf 10'Mg BHs
redshift, our predictions may begin to fall short of the ob- (< 10'*°M, hosts), we refer to secular and/or “stochastic” ac-
served QLF, but this somewhat expected, as these luminosicretion models in disks (e.g. Hopkins & Hernquist 2006) and
ties naively imply> 10'°M., BHs accreting at the Edding- old ellipticals (Simdes Lopes etlal. 2007). Furthermoréhat
ton limit. 1t is therefore likely that a full resolution atéh  lowest masses plotted, the typical AGN luminosities become
most extreme luminosities involves either revising the-est extremely faint (typicaMg > —18 in Mga < 10°°M;, hosts),
mate of these bolometric luminosities (i.e. the bolometoc and so such systems may be more often classified as non-AGN
rections adopted may not be appropriate for the most ex-or typical star-forming systems (elg. Rodighiero et al. 200
treme objects, or there may be beaming effects) or includ-At high levels of accretion, however, the merger-drivenpre
ing processes beyond the scope of our current investigatiordiction agrees well with observations at low and high red-
(e.g. super-Eddington accretion or multiple mergers in-mas shift, and predicts a downsizing trend similar to that seen —
sive BCGs). Nevertheless, our simple merger-driven ségnar namely that fronz =2 toz= 0, quasar activity has been par-
appears to accurately predict the distribution and evarubi ticularly suppressed in the most massive systems (althiiugh
most quasar activity. has been suppressed to some extent at all host masses), pre-
Integrating the QLF over the appropriate range, we triv- sumably owing to the conversion of these systems to “red and
ially obtain the active fraction, and can calculate thisesep dead” spheroids without cold gas supplies (see Paper II).

rately for each host mad#lgy or BH massMgy in Equa- We next follow Lidz et al.[(2006), and extend Equatibh (8)
tion (8). Figure[IP compares this to observations at bothto convolve over the expected bias of the active systems at
low and high redshift, for systems wittt = L/Lgqq > 0.1, each quasar luminosity,

representative of typical Seyfert and quasar populatierts (
McLure & Dunlop|2004). Note that the quasar lifetime in- 1
tegrated above this threshold is close to a constant value b(L) = a0 /b(MBH)tQ(L|MBH)ﬁ(MBH|z)dlogMBH, 9)
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0.8 T T ] clustering properties flat as a function of luminosity. Thus
z 0o | while an important test of our modeling (that the correcbbal
: 1 and galaxies host quasars of the appropriate luminositrés)
0.6 - is not a unique prediction of merger-driven models.

We can also use our model to estimate the infrared lumi-
i | nosity functions of various populations versus redshify B
04+ - construction, our assumed halo occupation model repraduce

- 1 the observed star-forming (blue) galaxy mass functioneh ea

redshift. Using the corresponding fitted star-formatiostdu
ries as a function of baryonic mass from Noeske et al. (2007)
(which fit the observations locally and their evolution atde
toz~ 1.5), we immediately obtain an estimate of the star for-
mation rate function in “quiescent” (non-merging) galaxét
each redshift. We include a scatter-9f0.25dex in SFR at

EﬂAGN O

0.87 ‘ 1 fixed stellar mass, comparable to that observed (in bluxgala
zbz2 | ies), but this makes relatively little difference, as thesirex-
- Erb et al. 2006 1 treme SFR populations are dominated by mergers. We then
0.6 - « Kriek et al. 2004 a adopt the standard conversion from Kennldutt (1998) tostran

form this to an infrared luminosity function (where we refer

i | to the total IR 8- 1000um luminaosity).

04+ T - Our model also yields the mass function of gas-rich merg-
r [ ] ] ers, for which we can estimate their distribution of star for

B . 1 D e it 1 mation rates. In_Hopkins etlal. (2006f), we quantify the dis-

0.2 Fr= R FUPOPIT SITR IR | tribution of star formation rates as a function of galaxypsro
T 2 g e ——— erties from the same large suite of simulations used to esti-
g T\ 1 mate the quasar lifetime. Essentially, this quantifies tiie-*
00! ‘ ‘ ‘ 1 time” above a given SFR in a merger, which can be reasonably
) — — — R approximated as a simple function of galaxy mass and (pre-
105 110 115 120 merger) gas fraction,
|Og( I\/Igal / M@)

FiG. 19.— Predicted AGN fraction as a function of host propstrti€op: t> M*) =t, I‘(O L) (10)
Low-redshift quasar fraction (defined here by Eddingtoiosath > 0.1) as ’ Mt fgas/t* ’
a function of galaxy mass. Black lines show the predictiomwf merger-

driven model, in the style of Figufd 9. Observed fractiores strown dowp whereM is the post-merger galaxy mass (i.e. ddy,) and
tsoa(,:qoé gth%’)aér:'zrcheirtl?ﬂlﬁéeﬂgs,‘\f#g&;ﬁﬂé?ﬂﬂmSrg;,ggf,ggg%‘gf;,“i?‘rﬂge t. ~ 0.3Gyr is a fitted characteristic time. This functional
(Erb et al[2006) an-selected[(Kriek et al. 2006) samples. Some caution form simply amounts to the statement that there is a mean
should be applied @y < 10'°Mg, as the AGN luminosities become suf-  characteristic timescatein which most of the gas mass of the
ficiently low that even moderate star formation will domiahe observed merger (i fgas) is converted into stars, which we find is (un-
luminosity and systems may not be classified as AGN. surprisingly) similar to the dynamical time of the mergedan
to observational estimates of the characteristic star détion

whereb(Mgy) is determined just as(Mga) in §[2.4, by con-  timescale in starbursts and ULIRGs (Kennicutt 1998). Since
volving over the contributions to each merging rang&/ig), the fitted star-formation histories lof Noeske et lal. (2007) i
from all Mna0. Figure[20 plots the expected bias as a func- plicitly define a gas fraction as a function of time (or can be
tion of luminosity at each of several redshifts. As origi- used in combination with the Schmidt-Kennicutt star forma-
nally demonstrated in Lidz et al. (2006), our model for quasa tion law to infer the gas fraction), we simply adopt these for
lightcurves and the underlying triggering rate of quasaes p  the pre-merger galaxies (but we have checked that they cor-
dicts a relatively weak dependence of clustering on quasar | rectly reproduce observed gas fractions as a function ofmas
minosity. Here, we essentially re-derive this result with a atz=0, 1, 2; see Hopkins et al. 2007c). It is worth noting
a priori prediction of these triggering rates, as opposed to that, with this estimate, the explicit dependenceggcan be
the purely empirical (fitted to the QLF) rates from Lidz et al. completely factored out in Equatidn {10), and we can write it
(2006), and find that the conclusion is robust. However, as an estimate of the amount of time a system spends above a
this prediction is not necessarily a consequence of mergergiven enhancement in SFR (basically a merger enhances the
driven models (nor is it unique to them) — we show the pre- 7-model SFR by~ 7/t,), relative to the pre-merger SFR. Us-
dictions from the semi-analytic models of Wyithe & Loeb ing the same SFR thg conversion, we obtain a rough esti-
(2002) and_Kauffmann & Haehnelt (2000), who adopt sim- mate of the IR luminosity function of mergers.
plified “lightbulb”-like quasar lightcurves (for a detadledis- Finally, adopting the empirically calculated obscureafra
cussion of these differences, see Hopkins gt al. 2007d). tion as a function of quasar luminosity from Gilli et al. (28)0

The reason for the weak dependence of quasar clusteringaind assuming that the obscured bolometric luminosity is re-
on luminosity in Figur€ 20 is, in fact, the nature of the quasa radiated in the IR, we convert our predicted bolometric QLF
lightcurve. Quasars grow rapidly in mergers to a peak quasarto an IR QLF of obscured quasars. Technically, not all of
phase at the final stages of the merger, which exhausts anthe luminosity will be obscured, of course, but we find that
expels the remaining gas, after which the quasar decays te.g. using the full distribution of column densities as acfun
lower luminosities. This decay moves objects of the sametion of quasar luminosity frorn_Ueda et/ al. (2003) to attenu-
host properties to fainter luminosities in the QLF, makingt ate a template AGN SED yields a very similar answer (see

|jﬂAGN U
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FiG. 20.—Left: Predicted bias as a function of quasar luminosity from ourgeredriven model (black lines, style as in Figlite 9). Totcast, the expected
biasb(L) from the semi-analytic models lof Wyithe & Laeb (2002, cyanii Kauffmann & Haehneélt (2000, orange with diamonds) avttqa (dot-dashed lines);
these adopt simplified (constant or exponential “on/offiagar lightcurves. Points are measurementsfirom Croom(208k, red squares), Adelberger & Steidel
(2005, orange crosses), Porciani & Norberg (2006, pur@endnds)l_Myers et al._(2006a, blue circlés), da Angelal¢P806, magenta stars), and Call et al.
(2007, black open circles). For ease of comparison, allhasities are converted to bolometric luminosities usirggdbrrections frorh Hopkins etlal. (2007e).
Vertical blue dotted lines sholv, in the QLF at each redshift, from Hopkins et al. (2007 ight: The best-fit slope of the dependence of bias on luminosity at
the QLFL., i.e. dp/bs)/dlog(L/L+), whereb, = b(L.). Points are determined from the observations at left, thi¢hobservations from Myers etl dl. (2006a,
cyan circles) and Grazian et &l. (2004): Wake ét al. (R00&kbbpen diamond) added. Lines are in the style of the lefeélparith the red dashed line showing
no dependence of bias on luminosity. Adopting an a priori ehfmr merger-triggered quasar activity reproduces theiecap prediction from Lidz et 21 (2006),
that quasar bias should depend weakly on quasar luminosity.

also Franceschini et al. 2005), as does using a mean X-ray t&SFRs). At higher redshifts, disks are more gas-rich, and thu
IR bolometric correction of obscured AGN (Elvis etlal. 1994; have characteristically larger star formation rates, dhating
Zakamska et al. 2004; Polletta etlal. 2006). Including the IR the IR LFs at higher luminosities. By~ 1, most LIRGs
contribution from un-obscured quasars is a negligibleamrr  are quiescent systems, and by 2, only extreme systems
tion. > afew x 10'%L, are predominantly mergers/AGN.

Figure[21 compares the resulting predicted IR luminosity — This appears to agree well with recent estimates of the tran-
functions to observations a=0-2, and to the observed sition between AGN and passive star formation dominating
IR luminosity density fromz ~ 0—5. At all redshifts, the  the bolometric luminosities of high-redshift systems. emt
agreement is good, which suggests that our model accuratelgstingly, this shift occurs even while increasing mergézsa
describes the star-formation history of the Universe. This (and higher gas fractions in typical mergers) lead to a large
should be guaranteed, since at all redshifts the quiesogatp overall contribution of mergers to the star formation ratd a
ulation dominates the- L, optical and IR luminosity func- IR luminosity densities. Atz ~ 0, mergers contribute neg-
tions (hence also the star formation rate and IR luminosity ligibly to the total IR luminosity density, but by~ 2, they
densities) — at this level, we simply confirm that our halo oc- may contribute~ 20—-50% of the IR output of the Universe,
cupation model is a good approximation. However, at high with that contribution owing comparably to both star forma-
luminosities, typical of ULIRGs, the populations are gener tion in mergers and obscured BH growth (which should be
ally dominated by mergers and (at the highest luminosities) true, given theMgy — Mpost cOrrelations and typicad, ~ 0.1
obscured AGN. radiative efficiencies; see, e.g. Lidz etlal. 2007a).

We explicitly quantify the transition point as a function of ~ The integrated contribution of mergers to the star forma-
redshift in Figuré 22 (we show the comparison there just for tion rate and IR luminosity densities agrees well with obser
our “default” model, but as is clear in Figurel21, the transi- vational estimates (available at< 2; see Bell et al. 2005;
tion between different populations dominating the LF is-sim [Menanteau et al. 2006), and the constraint from stellar pop-
ilar regardless of the exact version of our model adopted).ulation models that only a small fraction of tlze= O stel-
Our comparisons generally affirm the conventional wisdom: |ar mass in typical early-type galaxies was formed in the
at low redshift, mergers dominate the ULIRG and much of the spheroid-forming merger itself (as opposed to more extgnde
LIRG populations, above a luminosity10'*4L ., with heav- star formation in the pre-merger disks; e.g. Noeskelet al.
ily obscured (potentially Compton-thick) AGN (in starburs 2007). For a more detailed comparison and analysis of the
nuclei) becoming a substantial contributor to IR luminous merger-induced contribution to the star formation ratesitgn
populations in the most extrenfea few x 10*?L, systems  of the Universe, we refer to Hopkins et al. (2006f). _
(nearing hyper-LIRG> 1013L, luminosities which are com- ~ We caution that the above comparisons are approximate,
mon bolometric luminosities for 108M, BHs near Edding- and intended as a broad check that our models are consistent

ton, but would imply potentially unphysicai 1000M, yr with the observed abundance of IR luminous galaxies as a
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FIG. 21.—Left: Predicted total IR (8 1000:m) luminosity functions at different redshifts (as labgle@reen, blue, and red lines shows the estimated contribu-
tion from non-merging systems, star formation in mergerd,@bscured AGN in mergers, respectively. Linestyles aie Bigurd9, for the variants of the merger
calculations. Points show observational estimates froom&ers et all (1990, magenta stars), Soifer & Neugebau8d.(Hue triangles), Yun et al. (2001, black
circles)/Le Floc'h et 2l {2005, black diamonds), Chapnizal| 2005, black inverted triangles), Babbedge ef al. €2@lack squares), and Caputi et al. (2007,
black x’s). Right: Integrated IR luminosity density. Solid lines show the cimttions from non-merging systems (green), star fornmatiomergers (blue), and
obscured quasars in mergers (red). Blue dotted shows tilggtar formation+AGN) merger contribution, black daskbdws the total from all sources. Orange
points show observational estimatespgt from the compilation of Hopkins (2004, circles; only theeatit IR observations therein are plotted here), as well as
Le Floc’h et al. (2005, diamonds). Pérez-Gonzalez lef al0§»0and Caputi et all (200%’s). Red stars show the bolometric quasar luminosity dersim
Figure[13, rescaled by a constant (mean) obscured-to-onmtratio of~ 2 : 1. The agreement in all cases is good — our model reprodbeestar formation
history of the Universe and distribution of star formatiates and bolometric luminosities.
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Mergers Dominate ~ linear addition of the star formation contribution of merge

tothe IR LF and the AGN contribution is only technically cor-

135}
: rect if one or the other dominates the IR luminosity at a given
13.0f time in the merger; however, there are clearly times dutieg t
> i final merger stages when the contributions are comparable.
< 125 Resolving these issues requires detailed, time-depemdent
&) i diative transfer solutions through high-resolution siatigns
8 120 that properly sample the merger and quiescent galaxy param-

eter space at each redshift, and is outside the scope of this
work (although an important subject for future, more detil
study; see, e.g. Liet &l. 2007). It would be a mistake, there-
fore, to read too much into e.g. the detailed predictions for

11.5

1.0

LY, sub-millimeter galaxies or other extreme populations Base
z z on Figure$ 211 & 2P. However, most of our predicted qualita-
FiG. 22.— Left: Total IR luminosity, as a function of redshift, above V€ trends, including the evolution of the luminosity diys

which mergers (star formation+AGN) dominate the total IRiosity func- (and approximate relative contribution of mergers) and the
tions (solid line, from Figur€21; dashed lines show the eaagove which shift in where quiescent or merger-driven populations dom-

25/75% of systems on the luminosity function are mergers). tPsfiows ; ; e .
the corresponding transition point (and range) observdovrredshift sys- inate the bright IR LF, should be robust. Critically, a moiel

tems (Sanders etial. 1988iRight: Same, but for the transition between star Which merger-driven quasar activity dominates the QLF pre-
formation (in non-merging+merging systems) and (obsquA&N dominat- dicts an abundance of IR-luminous galaxies consistent with

ing the IR luminosity functions (generally a factera few larger luminosity  the observations as a function of both luminosity and reftishi
than the quiescent system-merger transition). Points shewbserved esti-

mates from comparison of PAH feature strengths in Lutz €fL8B8, low red- _Tri i
shift) and_Sajina et al. (2007, high redshift). A similariesite is obtained (at 33. When Merger-Triggering Loses to SECUI.ar Proc§§ses
low redshift) from comparison of emission line strengihar@ers & Mirabel Despite these arguments for a merger-driven origin for

1996 Kewley et 8l_2007), full SED template fitting (Farrdfag[2008), or i ioh- i K
indirect comparison with Type 2 AGN luminosity functionsh&y & Elbak b”ght' hlgh redshift quasars, there are gOOd reasons 4o be

2001). The model predicts the local transitions, and that Byl, the LIRG lieve that most local, h'gh'Eddmgton ratio ObJeC_tS aoe_re-
population is dominated by quiescent star formation inrieissystems (even lated to mergers. Most active local systems typically imeol
as the total and fractional luminosity density in mergerseases rapidly). relatively low-mass BHs Mgy ~ 107 Mgo; IHeckman et al.

2004), in Sa/b-type host galaxies, without significant evi-
function of redshift. We have ignored a number of potentiall dence for recent major interactions (Kauffmann et al. 2003;
important effects: for example, obscuration is a strongfun [Pierce et dl. 2006), and have relatively low Seyfert-level |
tion of time in a merger, and may affect various luminosities minosities (21> Mg 2 -23;/|Hao et al. 2005), below the tra-
and morphological stages differently. Moreover, our senpl ditional Mg = -23 Seyfert-quasar divide. Given this, it is nat-
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FiG. 23.— As Figurd1l7 (upper center panel), but comparing ths-cl ]
tering (quasar-galaxy cross-correlation) as a functiosaafle measured by 15 E
Serber et al. (2006) for bright optical quasars and dimmgfeBegalaxies. 1
Quasar clustering is consistent with our predicted excessall scales, in- 1.0 .
dicating a merger-driven origin, but low-luminosity syst show no such L ]
dependence, suggesting that processes independent ot#iedmall-scale > ]
density (e.g. secular processes) may dominate at thesedsitigs. :'_’ 0.5 7
ural to ask whether there are additional reasons to beliate t 0.0 .
bright quasars have distinct origins, and if so, when (or at ]
what luminosities) these non-merger driven fueling mecha- -0.5 E
nisms begin to dominate AGN populations. I : Secular/Quenching -
In addition to the arguments in E-8.1 & 8.2, there e N R T T T L J
are a number of qualitative differences between bright, -18 -19 -20 -21 -22 -23

high-redshift quasars and local Seyferts. Quasars have
significantly different clustering amplitudes_(Hopkinsagt 2.0 [T T T T T T ]
2007d) and host stellar mass distributions (Hopkins et al. 1
2007a) from star-forming galaxies at> 1, and typically L o
have hosts with elliptical or merger remnant morphologies ) S
(Floyd et al! 2004; Falomo etlal. 2004; Zakamska et al. 2006; 1.0 R R I .-
Letawe et al._2006), frequently exhibiting evidence of ida s SR b
disturbances (Bahcall etlal. 1997; Canalizo & Stockton 2001 ~+ 0.5 PROG 0. < }.J< .
Hutchings et dl. 2008, 2006; Urrutia eilal. 2007; Bennertleta = ]
2007). Figurd_23 compares the clustering as a function of 0.0 7
scale measured in_Serber et al. (2006) for both bright geasar .
and Seyfert galaxies — quasars exhibit the strong trend of g h
excess clustering on small scales indicative of a triggerin r Sanchez et al. (2004) 1
process which prefers small-scale overdensities, buteBisyf -1.0L ‘ ‘ ‘ ‘ ]
show no significant preference for local overdensities. -18 -19 -20 21 22 23

Because galaxy mergers are also associated with the ter- M,
mination of star formation in the remnant (even if only tem- FIG. 24.— Location of quasars in the color-magnitude diagraxpeeted

porarlly), l.e.a rE_lpId post-_starbur_s'g phase and tramstoche from different models. Top: Red and blue dotted regions roughly outline
red sequence (discussed in detail n Paper 1), the decdrys_oft the red sequence and blue cloud, respectively, with theedahe divid-
guasar lightcurve should be associated with the redderiing oing the bimodality (froni Bell et al. 2004). Arrows show theeferred loca-

; _dri e i i _ tion of quasar hosts in a merger driven model. At the end of eyenga
the remnant, in a merger driven model. This |mpI|es a.par bright quasar is triggered in a spheroid/merger remnathteatdap of the blue

ticular preferred track for quasar hosts in the color-magte cloud (owing to the young stellar populations from pre-neergnd merger-
diagram, illustrated in Figuie_24. In this scenario, quasar induced star formation), and subsequently the quasar bsitindecays while
should be associated with the crossing of the “green valley” the Lemngnt rapidlygggfns,sleaving afrelatively IIOW agonerate remnant
; ; ; on the red sequencéddiddle: Same, but for a secular triggering scenario in
i.e. the triggering ofa quasa.r OCCWS at the end of the m’ergerwhich quasar activity (which must still require cold gasyicorrelated with
when young stellar populations imply a blUer'tha!q'avle_ragequenching or itself exhausts the gas supply. In this casesays should live
host spheroid, and the quasar decays to lower luminosgies ain the blue cloud, with gas-rich systems, and their abunglaapidly drops
the remnant reddens onto the red sequence. approaching ttr)le “green valfley” as gﬁs suppllies are| exlmf;]anttomr We
; ; ; ; compare to observations of quasar host galaxy colors~a0.7-1.1 from

Altematlvely' if quasars. were trlggered In a purely SeCl_J' Sanchez et all (2004, blue circles). X-ray identified AGN gndsar hosts
lar manner, or otherwise independent of whatever quenchinGrom [Nandra et al.[(2006, orange diamonds) are also shovenr(éimbers
mechanism terminates the galactic supply of cold gas, thenplotted should not be taken literally, as we have rescaledtithors) -B vs.
their natural preferred location is in the blue cloud —ileeb Mg color-magnitude relation to that shown here for the sakerettdcompar-

« » : : : : ison, but the result is qualitatively identical to that simpwArrows reproduce
ward of the green Va”ey' Systems in this regime still have the merger expectation from the top panel. Quasars appdaetn the

cold gas supplies and have not yet quenched. Because thggion of color-magnitude space expected if they are triggat thetermi-

quenching is uncorrelated with quasar triggering in such anationof star formation, and subsequently decay in luminosityexqgected
in merger-driven scenarios.
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model, and the lack of galaxies in the “green valley” implies in a merger, but not present in even the most early-type disks
that this transition is rapid, very few quasars would be ex- Second (alternatively), we assume all BHs in pseudobulges
pected to be triggered just as the quenching occurs, angtrther were formed via secular mechanisms. As discussedh § 1,
fore few quasars should be present in the “green valley.” there is good reason to believe that this is the case, whereas
Comparing these qualitative scenarios with observationsclassical bulges must be formed in mergers. For a given
appears to favor the former, merger-driven case. Quasaiste z= 0 BH population, we infer an accretion history in the
to live redwards of the “top” of the blue cloud, with the brigh  standard fashion from matching the BH mass function and

est/highest accretion rate quasars preferentially inrkthuen- continuity equations (e.g. Salucci etlal. 1999; Yu & Trengain
average spheroids in the “green valley” (Kauffmann et al. 2002). We then calculate the fraction of the QLF luminos-
2003; Sanchez et al. 2004; Nandra et al. 2006). ity density at a given redshift from systems which zat 0,

Figure[2% shows this quantitatively — we plot the distribu- live in pseudobulges. We consider this for several differ-
tion of colors of quasar hosts, compared with that fitted & th ent observational estimates of the pseudobulge fraction as
blue cloud and red sequence, or systems with observed bara function of e.g. host galaxy morphological type or bulge
and/or disk instabilities (the expected quasar hosts ic@lae Sersic index [(Kormendy & Kennicutlt 2004; Balcells et al.
model, regardless of quasar duty cycles during a bar phase)2004; Allen et al. 2006; Noordermeer & van der Hulst 2007),
and post-starburst (E+A/K+A) systems, largely identifisd a and the directly estimated pseudobulge mass functions in
merger remnants and “blue spheroids” (see the discussion itDriver et al. (2007). Although the details are sensitivedah
8[2.3). The quasar hosts clearly lie preferentially betwtten ~ we define pseudobulges, we find a similar result — massive
blue cloud and red sequence, with a color distribution very BHs which dominate the luminosity density af 1 live in
similar to observed post-starburst galaxies. the most massive bulges/ellipticals, which are overwhelm-

The distribution is quite distinct, however, from observed ingly classical bulges.
barred systems, which lie overwhelmingly on the blue se- Third, we calculate the probability that the observed clus-
quence with, if anything, a bias towards the bluest systemstering of quasars is consistent with that of star formingdi
(which is expected, as these are the most gas-rich and theregalaxies (see Figufe115). This is subject to some important
fore most unstable systems). Even if one assumes that, in theaveats — although quasar clustering depends only weakly on
most extreme bar instabilities, dust reddening might mbee t luminosity (see Figurie 20), galaxy clustering has been show
system into the “green valley” as a reddened disk, this ap-to depend quite strongly on galaxy luminosity/stellar mass
pears to contradict the observations above which find geasar (Norberg et al. 2002). We use the compilation of clustering
to be in preferentially blue spheroids (even X-ray observa- data from Hopkins et al. (2007d), as in Figlre 15.zAt 1.5,
tions, which suffer less severe bias against dust-reddenedve specifically compare the clustering ofL, quasars with
systems). A more rigorous quantitative comparison of the that of ~ L, blue/star-forming galaxies. Fany model in
tracks through color-magnitude space and the relative-abunwhich quasars are driven by secular activity and the statis-
dances in this transition region will be the topic of futureriv tics of quasar light curves/triggering are continuous asa+
(Wuyts et all 2007, in preparation), and we stress that thesdion of host mass/luminosity (i.e. there is not a secondifeat
are all relatively low-redshift samples, but studying hdwe t in the luminosity function introduced by the statistics bét
mean quasar luminosity and accretion rates scale/dechy wit light curves themselves), these should roughly correspénhd
the degree of reddening or aging of their host stellar pepula higher redshift, galaxy clustering as a function of type and
tions can provide a powerful discriminant between these-mod luminosity/mass at- L, is not clearly resolved so we can
els. only plot combined clustering of observed star-formingyop

There are a number of additional constraints we can placelations (generally selected as Lyman-break galaxies)inaga
on the contribution to the QLF from secular fueling in non- caution is warranted given the known dependence of clus-
merging disks. Figurle 26 considers several of these. Fiest, tering on galaxy mass/luminosity (for LBGs, see Allen ét al.
place a limit on secular activity by asking: at a givenwhat 2005). Fortunately, the range of particular interest here i
are the brightest QSOs possible in disk/star-forming galax z < 1, where we again find a similar trend — quasar cluster-
ies? For that redshift, we take the observed mass function ofing is consistent with secular fueling at- 0, but byz~ 1
star forming galaxies, and convolve wi#{Mgn | Mgal) to ob- this is no longer true. As discussed in Hopkins et al. (2007d)
tain the hosted BH mass function (assuming the most massivehis appears to be contrary to some previous claims (e.g.,
disks are Sa/b-type galaxies). Then, assume that every sucAdelberger & Steidel 2005); however, in most cases where
BH is atits Eddington luminosity. At some point (correspend quasars have been seen to cluster similarly to blue galaxies
ingto= 2—4M, in the disk mass function) the number density either faint AGN populations (not~ L, quasars) or bright
of these mock quasars falls below the QLF (which declines (> L.) blue galaxies were considered. Indeed, quasars do
much less rapidly) at that luminosity and redshift. In other cluster in a manner similar to theightestblue galaxies ob-
words, at high luminosities, the required BH masses from theserved at several redshifts (elg., Coil et al. 2007; Alleallet
Eddington limit are too large to live in late-type galaxids. 2005, az~ 1 andz > 2, respectively). This should not be sur-
be optimistic, we assunal the quasar luminosity density be-  prising; since quasars require some cold gas supply for thei
low this limit is contributed by secular activity in diskshib fueling, they cannot be significantly more clustered than th
then gives an upper limit to the fraction of the luminosityee  most highly clustered (most luminous) population of gadaxi
sity from disks. We repeat this procedure for a number of with that cold gas.

different mass functions at different redshifts. In all &gs Finally, we compare these with a simple model expectation.
even this limit falls to a fractiors 1 byz > 1, as the QLH.. We combine our prediction of the merger-driven QLF with the
reaches large luminosities correspondingvtgy > 10°M, model from Hopkins & Hernquist (2006) for the QLF driven

BHs at the Eddington limit. Given the BH-host spheroid mass by secular fueling mechanisms in star-forming galaxiess Th
relations, this requires a very massive spheroid, easityéad prediction is based on a simple model of feedback-drivefn sel
regulation, calculating the rate of triggering in non-niegg
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FiG. 25.— Distribution of quasar host galaxy colors from FigB#(histograms; frorh_ Sanchez et al. (2004) land Nandrd é2@0%) in dark blue and orange,
respectively). We compare with fitted (Gaussian) coloritistions of blue cloud and red sequence galaxies froméMaatt al.[(2001), with the distribution of
colors of barred galaxies in the SDSS from Barazzalet al.6(dfe expected quasar hosts in a secular or instabiligrquasar fueling model), and with the
fitted (Gaussian) distribution of post-starburst (gergralerger remnant) E+A/K+A galaxies [in Gbfo (2005). Quasastitolors follow the “transition” between
blue cloud and red sequence observed and expected in mengeants, in contrast to the preferentially most gas-rithe hosts of observed strong bars.

disks from the observed statistics of gas propertiesinéime ¢ BH mass (to the final mass that will be given by the “future”
tral regions of star-forming galaxies of different typeshelT =~ Mgy — o relation) before a spheroid is formed in later merg-
result is similar to the empirical constraints. ers and/or instabilities. These have severe difficulty meco

All of these comparisons have important caveats. For exam-ciling with the kinematics of observed classical bulges (se
ple, secular mechanisms could act so quickly as to completel §[1) and the tightness of the BH-host spheroid correlations,
transform disks to bulges, rapidly making very large BHs (al respectively, and are not favored by simple dynamical argu-
though this conflicts with the pseudobulge constraintsnfro ments (see, e.g. Shen etlal. 2003), nor the constraints in Fig
disk hosts. Pseudobulges could form in more systems than weure[26, but they could in principle be invoked. In fact, the
estimated, but be subsequently transformed to classitgébdu  semi-analytic model of Bower etlal. (2006) is effectivelglu
via major mergers. Clustering could be affected by a numbera scenario, in which a very strong disk instability mode is an
of systematic uncertainties inherent in e.g. the mass and lu alytically adopted, which overwhelmingly dominates iaiti
minosity ranges considered. However, these systematics arbulge formation and BH growth (mergers contributiegl%
independent, and there is no single loophole which can si-at all redshifts). We therefore compare their estimateHter t
multaneously reconcile the three constraints consideeeel h total quasar luminosity density (accretion rate densis/pa
with the possibility that secular fueling dominates bright .. function of time. Finally, in the default Bower et|al. (2006)
quasar activity ar > 1. Although there are differences in de- model, there is still some growth of BHs via accretion from
tail, all the methods we have considered empirically sugges the diffuse ISM, cooling, and mergers (major and minor). We
a similar scenario: secular (non-major merger related)) fue therefore also adopt an even more extreme secular model, in
ing mechanisms contribute little to quasar activityzat 1, which we reproduce the Bower et al. (2006) analysis with an
which involves the most massiWgy > 10°M., BHs in the even stronger disk instability mode — essentially renoiznal
most massive spheroids. By~ 0.5, however, the most mas- ing the model such that a#f= 0 bulge mass was formed in
sive BHs are no longer active, and a significant fraction ef th this “secular” mode (i.e. we allowo subsequent growth via
quasar luminosity density can come from10’ M BHs in other mechanisms, and demand that the observed integrated
undisturbed hosts. By~ 0, the local QLF is largely dom- z=0 BH mass density be matched by the integrated secular
inated by Seyfert activity in relatively small BHs with late mode growth). This latter model is of course unphysical, but
type, undisturbed host disks (Heckman et al. 2004). yields a hard upper limit to secular-mode growth.

Even if we ignore these constraints, a model in which secu- It is immediately clear that the “maximal” secular model
lar fueling dominates the growth of quasars and BHs has dif- predicts that the quasar luminosity density should peak at
ficulty matching the observed rise and fall of the quasarfumi much higher redshiftz ~ 4 than the observez~ 2. In gen-
nosity density with cosmic time. Figurel27 illustrates tiide eral, the rise and fall of the quasar luminosity density ichsa
show the observed bolometric quasar luminosity density as amodel are offset to earlier times. The reason for this is &mp
function of redshift, compared to our estimate of the merger in a fully cosmological model, mergers arevitable And,
driven luminosity density (as in Figurel13). We also show our Whether or not most quasars are triggered by mergers, itis ex
estimate of the luminosity density which comes from systems tremely difficult to contrive a major, gas-rich merger wittio
which, atz = 0, live in pseudobulges, calculated as in Fig- BH accretion and spheroid formation, with most of the gas be-
ure[26. Again, this fairly moderate, empirical model of secu ing consumed by star formation. The only way that a secular
lar activity can account for the observed luminosity dgnait ~ or disk instability model can dominate the integrated hupld
low redshiftsz < 0.5, but provides only a small contribution of BH mass and quasar luminosity density is to “beat merg-
at high redshiftz > 1. ers to the finish,” i.e. to generally operate early and rapidl

We might, however, imagine a “maximal” secular model enough such that the BHs have been largely formed, and gas
in which all spheroids are initially formed by disk instabili- already exhausted, by the time massive galaxies undergo the
ties. Equivalently (for our purposes), albeit highly cored, first major mergers. In such models, then, one is forced to
a model might invoke secular processes to rapidly build up predict that the quasar luminosity density peaks at verly ear
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FIG. 26.— Fraction of the integrated quasar luminosity densityng to
non-merger driven secular mechanisnp: Upper limit to the contribu-
tion from BHs in disk galaxy hosts at eaet{see text). Limits are derived
from the observed type-separated mass functions in Figii@dme style)
and Franceschini etlal. (2006, cyan stars). Solid line assutre disk mass
function does not evolve with. Second from TopFractional contribution
from systems in pseudobulgeszt 0. Local distribution of pseudobulge
masses is estimated from the observed pseudobulge fraeisns galaxy
type [Noordermeer & van der HUIst 2007, red dashed line, wittr shaded
range), or assuming all bulges with Sersic index 2 are pseudobulges (with
the distribution ofn versus bulge mass from Balcells et'al. 2004, black solid
line and shading), or from directly measured pseudobulgssnfianctions
(Driver et al.[ 2007, blue long-dashed line and shadinggcond from Bot-
tom: Probability (fromx2) that observed clustering of quasars (data in Fig-
ure[I%) and star-forming galaxies reflect the same host&l Bw is derived
from the best-fit to the compilation bf Hopkins et al. (200pd)nts from the
individual measurements included (see Fidure Bttom: Predicted frac-
tion of the luminosity density from the the model for secuiagling from
Hopkins & Hernquist[(2006), when combined with the mergévesh model
herein.
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FIG. 27.— Bolometric quasar luminosity density as a functiomeafshift.
Black stars show the observations from Hopkins et al. (Zp0Zmes show
estimates from different models (as labeled): the prasliciom a merger-
driven model (as in Figufe_13) and a moderate secular modehich BHs
in pseudobulges &= 0 were formed in disk instabilities (as in Figure] 26,
line in same style) are in good agreement with the luminaditgsity evo-
lution and empirical constraints on clustering, host galealors, spheroid
kinematics, and disk/spheroid mass functions. We comparex@mal secu-
lar model, fromi_ Bower et &l (2006), in which most BHs and (eukassical)
spheroids are initially formed via disk instabilities, aem “extreme” secular
model, in which allz= 0 BH mass is formed in such instabilities (same as
the maximal secular model, but with no BH growth from cooliagcretion,
or mergers; this is unphysical but serves as a strong uppé).lin order for
disk instabilities to dominate BH growth, they must act veapidly, before
the (inevitable) major mergers can exhaust gas and formiveasgheroids
— this forces such models to predict a luminosity densityohysoffset to
earlier times (higher redshifts) compared to the mergiedrmodel, in dis-
agreement with the observations.

times and has largely declined (i.e. most of the gas in massiv
systems has already been exhausted) 2.

Finally, this relates to a more general point. The quasar lu-
minosity density (and especially the number density oftirig
quasars corresponding tg 10°M., BHs at high Edding-
ton ratio; see Fan etlal. 2004; Richards et al. 2006b) decline
rapidly atz > 2-3 (roughly as~ (1+2)*®), compared to
the global star formation rate density of the Universe, Whic
is relatively flat at these redshifts (declining ag1+2)%1°
from z ~ 2-6; [Hopkins & Beacom 2006). This has long
been recognized, and cited as a reason why quasars and BH
growth cannot explain reionization at high redshifts (sinc
similar to the global star formation history, the UV back-
ground declines slowly at these redshifts). It further iepl
that BH growth (at least at the masses of interest for our pre-
dictions here) cannot generically trace star formationisTh
places strong constraints on secular models, as above|las we
as models in which essentially all high-redshift star forma
tion is in bulges or some sort of dissipational collapse.(e.g
Granato et al. 2004; Lapi etlal. 2006). Some process must de-
lay the formation of massive BHs, while allowing star and
galaxy formation to proceed efficiently at high redshifts. A
natural explanation is that massive BH formation requiras m
jor mergers. In our model, at high redshifts, low-mass galax
ies can efficiently form (and potentially build low-mass BHs
via secular instabilities), but they are predominantlyksls
which efficiently turn gas into stars and do not form very
massive bulges or BHs. Only later, once their hosts have
grown more massive, are they likely to undergo major merg-
ers, which transform the disks into spheroids and build cor-
respondingly massive BHs. This automatically explains the
much sharper rise and fall of the quasar luminosity density
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and number density of bright quasars, relative to the shallo ments (including field and even void environments), as is ob-
evolution in the star formation rate density and ionizingsa  served|(Sol Alonso et al. 2006; Goto 2005; Hogg €t al. 2006),
ground of the Universe at high redshifts. although the characteristic masses and star formation-hist
4. DISCUSSION ries of galaxies merging may reflect their different environ
: ments/halo masses. Similarly, our model allows us to accu-

We have developed a theoretical model for the cosmolog-rately predict and understand the (relatively weak) evotut
ical role of galaxy mergers, which allows us to make pre- of the merger fraction with redshift, and the relative evioin
dictions for various merger-related populations such as st in merger rates as a function of mass (evolution of the ma-
bursts, quasars, and spheroidal galaxies. By combining thejor merger mass functions). The clustering properties aad d
oretically well-constrained halo and subhalo mass funstio pendence of merger rates on both large-scale and smadi-scal
as a function of redshift and environment with empiricalhal  environment are natural consequences of the fundamentally
occupation models, we can estimate where galaxies of giverlocal nature of mergers, and we study in detail the effects of
properties live at a given epoch. This allows us to calculate  environment on merger rates as a function of scale.
ana priori cosmological manner, where major galaxy-galaxy — Having characterized mergers in this way, we examine
mergers occur and what kinds of galaxies merge, at all red-the role that mergers play in triggering quasars. Even if
shifts. there are other quasar “triggers” dominant at some luminosi

We compare these estimates to a number of observationsies/redshifts, it is difficult to imagine a scenario in wiic
including observed merger mass functions; merger frastion the strong nuclear gas inflows from a merger do not cause
as a function of galaxy mass, halo mass, and redshift; the masrapid, near Eddington-limited accretion and ultimatelglgi
flux/mass density in mergers; the large-scale clusteriag/b some kind of quasar — and indeed such activity is ubiquitous
of merger populations; and the small-scale environments ofin late-stage mergers (Komossa €t al. 2003; Alexander et al.
mergers, and show that this approach yields robust prediti  [2005a; Borys et al. 200%; Brand et al. 2006). We therefore
in good agreement with observations, and can be extended tenake the simple ansatz that gas-rich, major mergers will pro
predict detailed properties of mergers at all masses and redduce quasars (but do, in principle, allow for other fueling
shifts. There are some uncertainties in this approach. How-mechanisms as well). This model, with just the contribution
ever, we re-calculate all of our predictions adopting défe of mergers to the quasar luminosity density, is able to attou
estimates for the subhalo mass functions and halo occupatio for the observed quasar luminosity density frem0-6. The
model (and its redshift evolution) and find this makes lidife rise and fall of the luminosity density with redshift, as s
ference (a factok 2) at all redshifts. The largest uncertainty the shape and evolution of the quasar luminosity functiom, a
comes from our calculation of merger timescales, where, ataccurately reproduced. This also yields predictions ofdhe
the highest redshiftsz(z> 3), merging via direct collisional  cal black hole mass function, cosmic X-ray background (see
processes might be more efficient than merging via dynami{Hopkins et all 2006a), AGN fractions as a function of galaxy
cal friction, given the large physical densities. More deth mass/luminosity and redshift, large scale quasar clusters
study in very high-resolution numerical simulations wi b a function of luminosity and redshift, small-scale quasas-c
necessary to determine the effective breakdown between dif tering excesses, quasar host galaxy colors, and infraneid lu
ferent merger processes. Nevertheless, the differencerin o nosity functions, all in good agreement with those observed
predictions at these redshifts is still within the range loder- In particular, matching the history of the bolometric luimsn
vational uncertainty. Ultimately, we find that our predicts ity density of quasars requires no knowledge or assumptions
are robust above masskl, > 10'°M., regardless of these  about quasar duty cycles, light curves, or lifetimes, only o
possible changes to our model, as the theoretical subha® ma determination of the global mass density in gas-rich major
functions and empirical halo occupation models are reason-nergers.
ably well-constrained in this regime. In our model, the sharp rise and fall of the quasar lumi-

In addition to these specific observational predictions and nosity density over cosmic time is the product of several fac
tests, our model allows us to examine the physical origins oftors. At high redshifts, the buildup of BH mass frag, 6 to
the distribution of major mergers of different galaxy masse z~ 2 owes in part to the growth of galaxy and halo mass, as
and types. For example, there is a naturally defined major-most galaxies are rapidly forming, and the galaxy mass den-
merger scale (host halo madsa) for galaxies of maskgy sity involved in major mergers steadily increases with time
— the “small group scale,” only slightly larger than the av- The rise is steeper than that in, for example, the global star
erage halo hosting a galaxy of madga. This is the scale  formation rate density of the Universe, as it tracks just the
at which the probability to accrete a second galaxy of com- major merger history (effectively, at these redshifts, tilse
parable mass- Mgy (fuel for a major merger) first becomes in the density of relatively massive “small group” sized ha-
significant. At smaller (relative) halo masses, the prolitgbi  los), as opposed to the global buildup of the (relativelydow
that the halo hosts a galaxy as largeMag declines rapidly.  mass) halos hosting the most rapidly star-forming galaxies
At larger masses, the probability that the halo will mergawi  Below redshiftz ~ 2, merger rates begin to decline for all
or accrete another halo hosting a comparablilg, galaxy galaxies, and the exhaustion of gas in evolved systems slows
increases, but the efficiency of the merger of these galax-the growth of quasars in two ways. First, major mergers
ies declines rapidly. We stress that this small group scale i of relatively gas-poor disks create shallower central pote
indeed small — the average small group halo will still host tial wells for the remnant spheroid (i.e. lowervalues), and
only 1 galaxy of mass- Mga, and groups will only consist  as a consequence BH growth self-regulates at lower masses
of 2-3 members of similar mass. We also note that this (Hopkins et al. 2007c), in agreement with the observed evolu
does not mean that mergers occur (in a global sense) on dion of the BH-host correlations with redshift (elg., Pehale
specific scale, since the small group scale is differentifier d 12006). Second, an increasing fraction of galaxies (esfiecia
ferent galaxy masses. In fact, a consequence of this model imround~ L., where most of the mass density resides) have
that mergers occur in halos of all masses and in all environ-already undergone major mergers and exist as “quenched”
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spheroids (with very little remaining cold, rotationallyps triggering at low luminosities (or typicallgy < 10°'My) is
ported gas) whose major mergers will not excite quasar-activ dominated by secular processes (with the true quasar popula
ity. Recent high-resolution cosmological simulations ethi  tions dominated by mergers). However, systems of these low
attempt to resolve the relevant merger and feedback effectduminosities contribute significantly to the quasar lungityp
regulating BH growth [(Sijacki et al. 2007; Di Matteo et al. density at only very low redshifis< 0.5, once more massive
2007) further support this scenario, with the combinatibn o systems have predominantly quenched.
these effects and, primarily, the merger history of the Erge Host Galaxy Colors: The stellar population colors of a
regulating BH growth (at least at redshifts 6). The product  gas-rich merger remnant will rapidly redden, at least over
of these effects yields the observed steep rise and falleof th the ~ Gyr period over which subsequent infall or cooling
quasar population with respect to its peakzat 2, in good can be ignored, and the system will (even if only temporar-
agreement with the observations and in contrast with the sub ily) cross the “green valley” between the blue cloud and red
stantially more extended global star formation historytef t  sequence. If a quasar is triggered at the end of a merger,
Universe. the decay of the quasar lightcurve should be associated with
We compare this model to one in which quasar fueling the host crossing this interval, or equivalently with thegpr
is primarily driven by secular processes — i.e. disk in$itabi ence of a relatively young, blue host spheroid. Observed
ties, bars, harassment, or any process which operates in norgquasar hosts a~ 0.5-1.1 appear to preferentially occupy
merging, gas-rich systems. We demonstrate that there are ¢his (otherwise relatively empty) locus in color-magniud
number of robust, qualitatively distinct predictions freimese space [(Sanchez etlal. 2004; Nandra et al. 2006), and it is
models, including: well-established that bright quasar hosts tend to be nessiv
Quasar ClusteringA merger-driven model accurately pre- spheroids with especially young stellar or post-starbstedt
dicts the observed large-scale clustering of quasars (botHar populations (e.g. Canalizo & Stockton 2001; Jahnke.et al
at ~ L, and as a detailed function of luminosity) as a 12004a| Vanden Berk et al. 2006; Barihel 2006, and references
function of redshift for the observed range~ 0.5 -4. therein). We show that the color distribution of observed
The clustering is, at all these redshifts, precisely that quasar hostsis similar to that observed for clear posbstar
predicted for “small group” halos in which major merg- merger remnant populations. In contrast, a secular model
ers of gas-rich galaxies should proceed most efficiently. (regardless of the quasar duty cycle or lifetime) would pre-
It is well-established empirically that quasar clustering dict that quasar hosts trace the population of systems host-
traces a characteristic host halo mass (Porciani et al.l;2004ing strong disk instabilities or bars (unless any quasavitict
Wake et al.| 2004; Croom etlal. 2005; Porciani & Norberg could somehow be suppressed over the entire lifetime of a
2006; Myers et all_2006a; da Angela etlal. 2006; Coall et al. relatively long-lived bar) — these actually tend to be thesmo
2007; Shen et al. 2007; Hopkins et al. 2007d), and inves-blue, gas-rich disk galaxies. We show that the observed col-
tigations of the quasar proximity effect reach a similar orsof quasar hosts are distinct from those of systems obderv
conclusion|(Faucher-Giguere etlal. 2007; Kim & Qroft 2007; hosting strong bars.
Nascimento Guimaraes et al. 2007). Comparing this to inde- Host Kinematics (Pseudobulges versus Classical Bulges):
pendent, direct measurements of the small group scald of Numerical simulations and observations of both barred sys-
gas-rich galaxies, and to the small group scale inferredfio ~ tems and merger remnants have established that mergets yiel
wide variety of different halo occupation models, we show in systems with the observed kinematic and photometric prop-
all cases that these trace the same mass. In contrast, the cluerties of classical bulges, whereas secular disk instigisili
tering of typical star-forming galaxies is somewhatwedksr ~ generically give rise to pseudobulges with distinct prdipsr
expected relative to their small group scale), and yields an(see the discussion in[8 1). At high redshift§, 1, the ac-
underestimate of quasar clustering at moderate and high redtive ~ L, quasar populations (either from direct quasar BH
shifts. Only at low redshiftsz(< 0.5) is there reasonable con- mass measurements or simply the Eddington argument) are
sistency between the clustering-olL, quasars and “secular”  dominated by massive BHMgy > 18M.,), which are di-
populations (for more details, see Hopkins et al. 2007d). rectly observed to live in massive bulges at those redshifts
Small-Scale Environment$lergers will preferentially oc-  (Peng et al. 2006), and whose remnants clearly live in massiv
cur in environments with an overdensity of galaxies on small pylges locally. These spheroid¥l{, > 10*M,) are over-
scales, and as a consequence their clustering should reflect whelmingly classical spheroids (in particular, classitak
bias (relative to a mean galaxy of the same mass) to excesgljipticals), whose kinematics argue that they were fortned
clustering on small scales. Furthermore, triggering oBbin  mergers. To the extent that the buildup of BH mass traces
quasars in (even a small fraction of) early interacting pair spheroid origin (true at all redshifts observed, albeitwyio-
can enhance this excess. Indeed, in a purely empirical sensgentially redshift-dependent efficiency), this impliesrfa-
both bright quasars at all redshifts- 0.5-3 (Hennawietal.  tion in mergers. Adopting a number of different estimates
2006;. Serber et al. 2006; Myers etlal. 2006b) and local post-of e.g. the pseudobulge fraction as a function of host prop-
starburst merger remnant galaxies (Goto 2005) are observedrties, pseudobulge mass distributions, or simply assymin
to have similar, strong excess clustering on small scales, d  al bulges in star-forming/disk-dominated galaxies aretfed
tinct from quiescent (non-merger related) populationsisTh via secular instabilities, we compare with the distribntiaf
is true both in terms of the quasar-quasar autocorrelation active BH masses in the quasar luminosity function at al red
and for the quasar-galaxy cross-correlation, suggestiay t ~ shifts, and show that these populations cannot dominate the
it reflects a true tendency for quasars to reside in regions ofQLF at redshiftsz > 1. Only at low redshifts < 1 are the
small-scale overdensity. Our model predicts the magnitide  global QLF and buildup of BH mass occurring mainly in sys-
this excess clustering as a function of physical scale asd re tems which typically reside in star-forming, disk-domiect

shift well for both populations. Interestingly, low-luntisity  hosts with pseudobulges potentially formed via disk inititab
Seyfert galaxiesNlg > —23) are observed without such an ex- tjes or bars.

cess on small scales (Serber et al. 2006), as expected if AGN
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Quasar Luminosity Density versus Redshifis noted ously, mock observations constructed from numerical major
above, a merger-driven model predicts a sharp rise and fallmerger simulations (Krause et al. 2007) imply that, with the
of the quasar luminosity density in good agreement with ob- best presently attainable data, the faint, rapidly fadidglt
servations. If, for the sake of argument, we adopt a modelfeatures associated with the quasar phase (i.e. final stages
in which all BH growth is driven by disk instabilities, we of the merger, at which the spheroid is largely formed and
demonstrate that, once embedded in a proper cosmologicahas begun to relax) are difficult to observe even locally and
context, such a model is generically forced to predict a his- (for now) nearly impossible to identify at the redshifts of
tory of quasar luminosity density which is offset to earlier greatest interestz(= 1). Similarly, experiments with au-
times (in each of its rise, peak, and fall), in conflict with tomated, non-parametric classification schemes (Lotz et al
the observations. This is because major mergers are dynam|2004) suggest that the hosts will generically be classified
cally inevitable — one cannot simply “remove” the mergers a as “normal” spheroids, even with perfect resolution and no
galaxy will undergo in a true cosmological model. In order surface brightness dimming. This appears to be borne out,
for disk instabilities to dominate BH growth or spheroid-for as recently Bennert etlal. (2007) have re-examined very low-
mation, they must, therefore, act before massive systems unredshift quasars previously recognized from deep HST imag-
dergo their major mergers. Since the global mass flux in gas-ing as having relaxed spheroid hosts, and found (after densi
rich major mergers peaks around 2-3, a secular-dominant  erably deeper integrations) that every such object shoses cl
model is forced to assume a sufficiently strong disk instabil evidence for a recent merger. The ability to identify such fe
ity mode such that the progenitors of these systems rapidlytures may be slightly improved if one considers just the popu
exhaust their gas supplies and build up most of their final lation of highly dust-reddened (but still dominated by caras
BH/spheroid mass at redshifts> 4. By z~ 2, then, these light in the optical/near IR) or IR-luminous quasar expécte
models predict the quasar luminosity density is already in to be associated with a (brief) “blowout” stage precedirg th
rapid decline. We demonstrate this both for current stéte-o more typical optical quasar phase in a merger, and it does
the-art semi-analytic models (Bower etlal. 2006), cons&adi  appear that observations of quasars in this stage, somewhat
such that they cannot overproduce ttve 0 mass density in  closer to the peak of merger activity, show ubiquitous evi-
quenched systems nor “avoid” major mergers, and simple il- dence of recent or ongoing mergers (Hutchings et al. |2003,
lustrative toy models. The only way to avoid this is to weaken 2006; Kawakatu et al. 2006; Guyon etlal. 2006; Urrutia et al.
the disk instability criterion — i.e. to assume disk insliéibs 2007), albeit still requiring very deep integrations.
are not so efficient at exhausting systems, and can therefore On the other hand, it is increasingly possible to improve the
act continuously over longer times. But then, one obtains aconstraints we have studied in this paper, to break the degen
prediction similar to our expectation from assuming allpse  eracy between secular and merger-driven models of quasar
dobulges are formed in disk instabilities — namely, the high fueling. Improving measurements of merger fractions, mass
rate of gas-rich mergers at high redshifts will dominatesgma  functions, and clustering at low redshifts, and extendiregé
activity at allz > 1, and this “gentler” disk instability mode measurements to high redshifts, can break the degeneiracies
will dominate at lower luminosities (]i.e. only dominate BH our cosmological models (regarding, for example, the appro
mass buildup at low masséésy < 10'Mg), becoming im- priate merger timescales at high redshifts) and enable more
portant to the total luminosity density onlyat 1. robust, tightly constrained predictions. We have also made

These comparisons, despite the very different possible sysa large number of predictions in this paper and previous re-
tematic effects in the observations, all suggest a simdar s lated works (e.d. Hopkins etlal. 2006a, 2007d) which can be
nario. Secular (non-merger related) fueling mechanisms ma directly tested without the large ambiguities presentlyein
dominate AGN activity in low-BH mass systembigy < ent in quasar host morphology estimates. Better obsenstio
10" M), for which mergers are relatively rare and hosts tend of quasar host galaxy colors (and corresponding estimédites o
to be very gas-rich, potentially bar-unstable disks, basén  their recent star formation history), improved measuresen
contribute little to quasar activity a > 1, which involves  of quasar clustering at redshiftsz 3 (especially measure-
the most massivégy > 10BM BHs in the most massive ~Ments which can resolve L, quasars at these redshifts), de-
spheroids. By ~ 0.5, however, the most massive BHs are no tailed cross-correlation measurements of quasars and othe
longer active (their hosts having primarily been gas extealis ~ 9alaxy populations and clustering measurements which can
and quenched, and with overall merger rates declining)gand decompose the excess bias of quasars on small scales as a
significant fraction of the AGN luminosity density can come function of e.g. redshift and luminosity, improved constts
from ~ 10’ M, BHs in undisturbed hosts, corresponding to On the bolometric corrections of the brightest quasars and
relatively low-luminosity Wz > —23) Seyfert galaxies. By the history of the bolometric quasar luminosity density at
z~ 0, the local QLF is |arge|y dominated by Seyfert activ- ZZ 3-4,and estl_mates_of the evolution with redshift of pseu-
ity in relatively small BHs with late-type, undisturbed hos dobulge populations will all be able to test the models pre-
disks {Heckman etal. 2004). Our models allow for secu- sented in this paper. The combination of these observations
lar mechanisms, such as the stochastic triggering model ofcan greatly strengthen the constraints herein, and ukipat
Hopkins & Hernquist(2006), to be important at low iluminosi- allow for more detailed modeling which attempts not just to
ties, and a pure comparison between this secular model and@redict the general origin of quasars in mergers, but ty full
our merger-driven prediction here yields a transition tcuse ~ break down the contribution of major mergers (or mergers of
lar dominance at low luminosities in good agreement with the different types) and other fueling mechanisms to the quasar
empirical constraints. luminosity functions as a function of luminosity and redshi

Ultimately, one would like to test this by directly studying
the morphology of true, bright quasar hosts at high redshift . .
Unfortunately, as discussed in[§ 1, this remains extremely We thank Josh Younger, Volker Springel, Gordon Richards,

difficult, and results have been ambiguous. As noted previ- Chris Hayward, Alice Shapley, Jenny Greene, and Yuexing
Li for helpful discussions. This work was supported in part



32 Hopkins et al.

by NSF grant AST 03-07690, and NASA ATP grants NAG5- 12140, NAG5-13292, and NAG5-13381.

REFERENCES

Adelberger, K. L., & Steidel, C. C. 2005, ApJ, 630, 50

Adelberger, K. L., Steidel, C. C., Pettini, M., Shapley, A, Eeddy, N. A.,
& Erb, D. K. 2005, ApJ, 619, 697

Alexander, D. M., Bauer, F. E., Chapman, S. C., Small, |.iiBIA. W.,
Brandt, W. N., & Ivison, R. J. 2005a, ApJ, 632, 736

Alexander, D. M., Smalil, |., Bauer, F. E., Chapman, S. C.irBIA. W.,
Brandt, W. N., & Ivison, R. J. 2005b, Nature, 434, 738

Allen, P. D., Driver, S. P., Graham, A. W., Cameron, E., Liske& de
Propris, R. 2006, MNRAS, 371, 2

Allen, P. D., Moustakas, L. A., Dalton, G., MacDonald, E.aB, C.,
Clewley, L., Heymans, C., & Wegner, G. 2005, MNRAS, 360, 1244

Alonso, M. S., Lambas, D. G., Tissera, P., & Coldwell, G. 200RRAS,
375, 1017

Athanassoula, E. 2005, MNRAS, 358, 1477

Athanassoula, E., Bienayme, O., Martinet, L., & Pfennid@®r1983, A&A,
127, 349

Babbedge, T. S. R., et al. 2006, MNRAS, 370, 1159

Bahcall, J. N., Kirhakos, S., Saxe, D. H., & Schneider, D.927, ApJ, 479,
642

Balcells, M., Graham, A. W., & Peletier, R. F. 2004, ApJ, iess
[astro-ph/0404381]

Baldry, I. K., Balogh, M. L., Bower, R. G., Glazebrook, K.,dtiol, R. C.,
Bamford, S. P., & Budavari, T. 2006, MNRAS, 373, 469

Ball, N. M., Loveday, J., Brunner, R. J., Baldry, |. K., & Bkmann, J.
2006, MNRAS, 373, 845

Barazza, F. D., Jogee, S., & Marinova, |. 2006, in Galaxy Htioh across
the Hubble Time [astro-ph/0610561], ed. F. Combes & J. Ralou

Barnes, J. E. 1988, ApJ, 331, 699

—. 1992, ApJ, 393, 484

Barnes, J. E., & Hernquist, L. 1992, ARA&A, 30, 705

—. 1996, ApJ, 471, 115

Barnes, J. E., & Hernquist, L. E. 1991, ApJ, 370, L65

Barthel, P. D. 2006, A&A, 458, 107

Bell, E. F., & de Jong, R. S. 2001, ApJ, 550, 212

Bell, E. F., McIntosh, D. H., Katz, N., & Weinberg, M. D. 20Q3apJ, 585,
L117

—. 2003b, ApJs, 149, 289

Bell, E. F., Phleps, S., Somerville, R. S., Wolf, C., Borch, &
Meisenheimer, K. 2006, ApJ, 652, 270

Bell, E. F., Wolf, C., Meisenheimer, K., Rix, H.-W., Borch, MDye, S.,
Kleinheinrich, M., Wisotzki, L., & MclIntosh, D. H. 2004, Ap&08, 752

Bell, E. F,, et al. 2005, ApJ, 625, 23

Bennert, N., et al. 2007, ApJ, in preparation

Binney, J., & Tremaine, S. 1987, Galactic dynamics (PrimiceNJ,
Princeton University Press, 1987)

Blain, A. W., Chapman, S. C., Smail, I., & lvison, R. 2004, Apl1, 725

Blake, C., et al. 2004, MNRAS, 355, 713

Blanton, M. R. 2006, ApJ, 648, 268

Borch, A., et al. 2006, A&A, 453, 869

Borys, C., Smail, I., Chapman, S. C., Blain, A. W., AlexanderM., &
Ivison, R. J. 2005, ApJ, 635, 853

Bournaud, F., Jog, C. J., & Combes, F. 2005, A&A, 437, 69

Bower, R. G., Benson, A. J., Malbon, R., Helly, J. C., FrenkSC Baugh,
C. M., Cole, S., & Lacey, C. G. 2006, MNRAS, 370, 645

Brand, K., et al. 2006, ApJ, 644, 143

—. 2007, ApJ, in press [astro-ph/0703003]

Bridge, C. R., et al. 2007, ApJ, in press [astro-ph/0701040]

Brotherton, M. S., et al. 1999, ApJ, 520, L87

Brough, S., Forbes, D. A,, Kilborn, V. A., & Couch, W. 2006, NRRS, 370,
1223

Bundy, K., Ellis, R. S., & Conselice, C. J. 2005, ApJ, 625, 621

Bundy, K., Fukugita, M., Ellis, R. S., Kodama, T., & ConselicC. J. 2004,
ApJ, 601, L123

Bundy, K., et al. 2006, ApJ, 651, 120

Canalizo, G., & Stockton, A. 2001, ApJ, 555, 719

Caputi, K. I., et al. 2007, ApJ, in press [astro-ph/0701283]

Carollo, C. M., Stiavelli, M., & Mack, J. 1998, AJ, 116, 68

Cassata, P, et al. 2005, MNRAS, 357, 903

Chakrabarti, S., Cox, T. J., Hernquist, L., Hopkins, P. Bh&tson, B., & Di
Matteo, T. 2007, ApJ, 658, 840

Chapman, S. C., Blain, A. W., Smalil, |., & lvison, R. J. 20059JA622, 772

Chary, R., & Elbaz, D. 2001, ApJ, 556, 562

Caoll, A. L., Hennawi, J. F., Newman, J. A., Cooper, M. C., & aW.
2007, ApJ, 654, 115

Coil, A. L., etal. 2004, ApJ, 609, 525

—. 2006, ApJ, 638, 668

Combes, F., Debbasch, F., Friedli, D., & Pfenniger, D. 19904, 233, 82

Conroy, C., Wechsler, R. H., & Kravtsov, A. V. 2006, ApJ, 6201

Conroy, C., et al. 2007, ApJ, 654, 153

Conselice, C. J., Bershady, M. A., Dickinson, M., & Papoyich 2003, AJ,
126, 1183

Cooray, A. 2005, MNRAS, 364, 303

—. 2006, MNRAS, 365, 842

Cox, T. J., Di Matteo, T., Hernquist, L., Hopkins, P. F., Rdben, B., &
Springel, V. 2006a, ApJ, 643, 692

Cox, T. J., Dutta, S. N., Di Matteo, T., Hernquist, L., Hopkit®. F.,
Robertson, B., & Springel, V. 2006b, ApJ, accepted [asti®§07446]

Croom, S. M., Boyle, B. J., Shanks, T., Smith, R. J., Miller, Qutram, P. J.,
Loaring, N. S., Hoyle, F., & da Angela, J. 2005, MNRAS, 356541

Croton, D. J., Gao, L., & White, S. D. M. 2007, MNRAS, 374, 1303

Croton, D. J., et al. 2006, MNRAS, 365, 11

da Angela, J., et al. 2006, MNRAS, in press [astro-ph/061P40

Dasyra, K. M., et al. 2006a, ApJ, 638, 745

—. 2006b, ApJ, in press [astro-ph/0610719]

De Lucia, G., Kauffmann, G., Springel, V., White, S. D. M. rizani, B.,
Stoehr, F., Tormen, G., & Yoshida, N. 2004, MNRAS, 348, 333

De Propris, R., Liske, J., Driver, S. P., Allen, P. D., & CroNsJ. G. 2005,
AJ, 130, 1516

Di Matteo, T., Colberg, J., Springel, V., Hernquist, L., &&ki, D. 2007,
ApJ, submitted, arXiv:0705.2269v1 [astro-ph]

Di Matteo, T., Springel, V., & Hernquist, L. 2005, Nature, 34 %04

Djorgovski, S., & Davis, M. 1987, ApJ, 313, 59

Dressler, A., Lynden-Bell, D., Burstein, D., Davies, R. Eaber, S. M.,
Terlevich, R., & Wegner, G. 1987, ApJ, 313, 42

Driver, S. P, Allen, P. D., Liske, J., & Graham, A. W. 2007 ,JAn press
[astro-ph/0701728]

Eke, V. R., et al. 2004, MNRAS, 355, 769

Elvis, M., et al. 1994, ApJS, 95, 1

Erb, D. K., Steidel, C. C., Shapley, A. E., Pettini, M., Redily A., &
Adelberger, K. L. 2006, ApJ, 646, 107

Falomo, R., Kotilainen, J. K., Pagani, C., Scarpa, R., & €s\A. 2004,
ApJ, 604, 495

Fan, X., et al. 2004, AJ, 128, 515

Farrah, D., Afonso, J., Efstathiou, A., Rowan-Robinson, fbx, M., &
Clements, D. 2003, MNRAS, 343, 585

Faucher-Giguere, C. ., Lidz, A., Zaldarriaga, M., & HerrgjuL. 2007, ApJ,
in press [astro-ph/0701042]

Ferrarese, L., & Merritt, D. 2000, ApJ, 539, L9

Fine, S., et al. 2006, MNRAS, 373, 613

Floyd, D. J. E., Kukula, M. J., Dunlop, J. S., McLure, R. J.JIbfi L.,
Percival, W. J., Baum, S. A., & O'Dea, C. P. 2004, MNRAS, 3556 1

Fontana, A., et al. 2004, A&A, 424, 23

—. 2006, A&A, 459, 745

Franceschini, A., et al. 2005, AJ, 129, 2074

—. 2006, A&A, 453, 397

Furlanetto, S. R., & Kamionkowski, M. 2006, MNRAS, 366, 529

Gao, L., & White, S. D. M. 2006, MNRAS, in press [astro-ph/Q621]

Gao, L., White, S. D. M., Jenkins, A., Stoehr, F., & Spring&l2004,
MNRAS, 355, 819

Gebhardt, K., et al. 2000, ApJ, 539, L13

Giavalisco, M., & Dickinson, M. 2001, ApJ, 550, 177

Gilli, R., Comastri, A., & Hasinger, G. 2007, A&A, 463, 79

Goto, T. 2005, MNRAS, 357, 937

—. 2006, MNRAS, 369, 1765

Gottléber, S., Klypin, A., & Kravtsov, A. V. 2001, ApJ, 54622

Graham, A. W., & Driver, S. P. 2006, ApJ, in press [astro-pb/tB78]

Graham, A. W., Erwin, P., Caon, N., & Trujillo, I. 2001, ApB3 L11

Granato, G. L., De Zotti, G., Silva, L., Bressan, A., & Dandse2004, ApJ,
600, 580

Grazian, A., Negrello, M., Moscardini, L., Cristiani, S.aehnelt, M. G.,
Matarrese, S., Omizzolo, A., & Vanzella, E. 2004, AJ, 1272 59

Greene, J., & Ho, L. C. 2007, ApJ, in preparation

Gregg, M. D., Lacy, M., White, R. L., Glikman, E., Helfand,,Becker,
R. H., & Brotherton, M. S. 2002, ApJ, 564, 133

Guyon, O., Sanders, D. B., & Stockton, A. 2006, ApJS, 166, 89



Co-Evolution of Quasars, Black Holes, and Galaxies | 33

Hao, L., et al. 2005, AJ, 129, 1795

Haring, N., & Rix, H.-W. 2004, ApJ, 604, L89

Harker, G., Cole, S., Helly, J., Frenk, C., & Jenkins, A. 200BIRAS, 367,
1039

Hasinger, G., Miyaji, T., & Schmidt, M. 2005, A&A, 441, 417

Heckman, T. M., Kauffmann, G., Brinchmann, J., Charlot,Téemonti, C.,
& White, S. D. M. 2004, ApJ, 613, 109

Hennawi, J. F., et al. 2006, AJ, 131, 1

Hernquist, L. 1989, Nature, 340, 687

—. 1992, ApJ, 400, 460

—. 1993, ApJ, 409, 548

Hernquist, L., & Barnes, J. E. 1991, Nature, 354, 210

Hernquist, L., & Mihos, J. C. 1995, ApJ, 448, 41

Hernquist, L., & Quinn, P. J. 1987, ApJ, 312, 1

Hernquist, L., & Spergel, D. N. 1992, ApJ, 399, L117

Heymans, C., et al. 2006, MNRAS, 371, L60

Hogg, D. W., Masjedi, M., Berlind, A. A., Blanton, M. R., Quero, A. D.,
& Brinkmann, J. 2006, ApJ, 650, 763

Hopkins, A. M. 2004, ApJ, 615, 209

Hopkins, A. M., & Beacom, J. F. 2006, ApJ, 651, 142

Hopkins, P. F., Bundy, K., Hernquist, L., & Ellis, R. S. 2007J, 659, 976

Hopkins, P. F., Cox, T. J., Keres, D., & Hernquist, L. 2007pJAsubmitted,
arXiv:0706.1246v2 [astro-ph] (Paper II)

Hopkins, P. F., & Hernquist, L. 2006, ApJS, 166, 1

Hopkins, P. F., Hernquist, L., Cox, T. J., Di Matteo, T., MiirtP.,
Robertson, B., & Springel, V. 2005a, ApJ, 630, 705

Hopkins, P. F., Hernquist, L., Cox, T. J., Di Matteo, T., Rdben, B., &
Springel, V. 2005b, ApJ, 630, 716

—. 2005c, ApJ, 632, 81

—. 20064, ApJS, 163, 1

Hopkins, P. F., Hernquist, L., Cox, T. J., Robertson, B., Gittdo, T., &
Springel, V. 2006b, ApJ, 639, 700

Hopkins, P. F., Hernquist, L., Cox, T. J., Robertson, B., &se, E. 2007c,
ApJ, in press [astro-ph/0701351]

Hopkins, P. F., Hernquist, L., Cox, T. J., Robertson, B., &isgel, V.
2006¢, ApJS, 163, 50

Hopkins, P. F., Hernquist, L., Martini, P., Cox, T. J., Rdben, B., Di
Matteo, T., & Springel, V. 2005d, ApJ, 625, L71

Hopkins, P. F., Lidz, A., Hernquist, L., Cail, A. L., Myers,.®., Cox, T. J.,
& Spergel, D. N. 2007d, ApJ, 662, 110

Hopkins, P. F., Narayan, R., & Hernquist, L. 2006d, ApJ, 68,

Hopkins, P. F., Richards, G. T., & Hernquist, L. 2007e, Afg}4,6731

Hopkins, P. F., Robertson, B., Krause, E., Hernquist, L.,&(CT. J. 2006e,
ApJ, 652, 107

Hopkins, P. F., Somerville, R. S., Hernquist, L., Cox, TRbbertson, B., &
Li, Y. 2006f, ApJ, 652, 864

Hopkins, P. F., et al. 2004, AJ, 128, 1112

Hutchings, J. B. 2003, AJ, 125, 1053

Hutchings, J. B., Cherniawsky, A., Cutri, R. M., & Nelson,®. 2006, AJ,
131, 680

Hutchings, J. B., Maddox, N., Cutri, R. M., & Nelson, B. O. 3)@&J, 126,
63

Infante, L., et al. 2002, ApJ, 567, 155

Jahnke, K., Kuhlbrodt, B., & Wisotzki, L. 2004a, MNRAS, 3599

Jahnke, K., et al. 2004b, ApJ, 614, 568

Jesseit, R., Naab, T., Peletier, R., & Burkert, A. 2006, MNRR A press
[astro-ph/0606144]

Jogee, S. 2004, in AGN Physics on All Scales, Lect.Notes F883 (2006),
143

Kauffmann, G., & Haehnelt, M. 2000, MNRAS, 311, 576

Kauffmann, G., & Haehnelt, M. G. 2002, MNRAS, 332, 529

Kauffmann, G., et al. 2003, MNRAS, 346, 1055

—. 2004, MNRAS, 353, 713

Kawakatu, N., Anabuki, N., Nagao, T., Umemura, M., & NakagaW.
2006, ApJ, 637, 104

Kennicutt, Jr., R. C. 1998, ApJ, 498, 541

Kewley, L., et al. 2007, ApJ, in preparation

Kim, Y.-R., & Croft, R. 2007, MNRAS, in press [astro-ph/0TR]

Kollmeier, J. A., et al. 2006, ApJ, 648, 128

Komossa, S., Burwitz, V., Hasinger, G., Predehl, P., KaastrS., & Ikebe,
Y. 2003, ApJ, 582, L15

Kormendy, J., & Gebhardt, K. 2001, in AIP Conf. Proc. 586:20¢éxas
Symposium on relativistic astrophysics, ed. J. C. Wheelét. &artel,
363—+

Kormendy, J., & Kennicutt, Jr., R. C. 2004, ARA&A, 42, 603

Kormendy, J., & Richstone, D. 1995, ARA&A, 33, 581

Krause, E., et al. 2007, ApJ, in preparation

Kravtsov, A. V., Berlind, A. A., Wechsler, R. H., Klypin, A. AGottléber,
S., Allgood, B., & Primack, J. R. 2004, ApJ, 609, 35

Kriek, M., et al. 2006, ApJ, in press [astro-ph/0611724]

Krivitsky, D. S., & Kontorovich, V. M. 1997, A&A, 327, 921

Kuijken, K., & Merrifield, M. R. 1995, ApJ, 443, L13

Lapi, A., Shankar, F., Mao, J., Granato, G. L., Silva, L., O®tZ G., &
Danese, L. 2006, ApJ, 650, 42

Le Floc'h, E., et al. 2005, ApJ, 632, 169

Lee, K.-S., Giavalisco, M., Gnedin, O. Y., Somerville, R. Berguson,

H. C., Dickinson, M., & Ouchi, M. 2006, ApJ, 642, 63

Letawe, G., Magain, P., Courbin, F., Jablonka, P., JahnkeylKylan, G., &
Wisotzki, L. 2006, MNRAS, in press [astro-ph/0605288]

Li, C., Kauffmann, G., Jing, Y. P., White, S. D. M., Borner,,& Cheng,
F. Z. 2006a, MNRAS, 368, 21

Li, Y., et al. 2006b, ApJ, in press [astro-ph/0608190]

—. 2007, ApJ, in preparation

Lidz, A., Hopkins, P. F.,, Cox, T. J., Hernquist, L., & Robents B. 2006,
ApJ, 641, 41

Lidz, A., McQuinn, M., Zaldarriaga, M., Hernquist, L., & Dt S. 2007a,
ApJ, submitted, [astro-ph/0703667]

Lidz, A., et al. 2007b, ApJ, in preparation

Lin, L., et al. 2004, ApJ, 617, L9

Lotz, J. M., Madau, P., Giavalisco, M., Primack, J., & FexgusH. C.
2006a, ApJ, 636, 592

Lotz, J. M., Primack, J., & Madau, P. 2004, AJ, 128, 163

Lotz, J. M., et al. 2006b, ApJ, in press [astro-ph/0602088]

—. 2007, ApJ, in preparation

Lutz, D., Spoon, H. W. W., Rigopoulou, D., Moorwood, A. F. M. Genzel,
R. 1998, ApJ, 505, L103

Lynden-Bell, D. 1967, MNRAS, 136, 101

—. 1969, Nature, 223, 690

Magorrian, J., et al. 1998, AJ, 115, 2285

Makino, J., & Hut, P. 1997, ApJ, 481, 83

Maller, A. H., Katz, N., Kere§, D., Davé, R., & Weinberg, D. 2006, ApJ,
647,763

Mamon, G. A. 2006, in Groups of Galaxies in the Nearby Uniegesl.

I. Saviane, V. lvanov, & J. Borissova

Marconi, A., & Hunt, L. K. 2003, ApJ, 589, L21

Marconi, A., Risaliti, G., Gilli, R., Hunt, L. K., MaiolinoR., & Salvati, M.
2004, MNRAS, 351, 169

Martin, D. C., et al. 2007, ApJS, in press [astro-ph/0703281

Martinez-Sansigre, A., Rawlings, S., Lacy, M., Fadda, Brvi3, M. J.,
Marleau, F. R., Simpson, C., & Willott, C. J. 2006, MNRAS, 371@79

Martini, P. 2004, in Coevolution of Black Holes and Galaxied. L. C. Ho,
169

Masjedi, M., et al. 2006, ApJ, 644, 54

McLure, R. J., & Dunlop, J. S. 2002, MNRAS, 331, 795

—. 2004, MNRAS, 352, 1390

Menanteau, F., Ford, H. C., Motta, V., Benitez, N., Martel R, Blakeslee,
J. P, & Infante, L. 2006, AJ, 131, 208

Meneux, B., et al. 2006, A&A, 452, 387

Mihos, J. C., & Hernquist, L. 1994a, ApJ, 437, L47

—. 1994b, ApJ, 431, L9

—. 1996, ApJ, 464, 641

Mo, H. J., & White, S. D. M. 1996, MNRAS, 282, 347

Myers, A. D., Brunner, R. J., Nichol, R. C., Richards, G. ThBeider,

D. P., & Bahcall, N. A. 2006a, ApJ, in press [astro-ph/061719

Myers, A. D., Brunner, R. J., Richards, G. T., Nichol, R. G:hBeider,

D. P., & Bahcall, N. A. 2006b, ApJ, in press [astro-ph/061P19

Myers, A. D., et al. 2006c, ApJ, 638, 622

Naab, T., & Burkert, A. 2003, ApJ, 597, 893

Naab, T., Burkert, A., & Hernquist, L. 1999, ApJ, 523, L133

Naab, T., Jesseit, R., & Burkert, A. 2006a, MNRAS, 372, 839

Naab, T., Khochfar, S., & Burkert, A. 2006b, ApJ, 636, L81

Naab, T., & Truijillo, I. 2006, MNRAS, 369, 625

Nandra, K., et al. 2006, ApJ, in press [astro-ph/0607270]

Nascimento Guimaraes, R., Petitiean, P., Beaumont Rellied Ramos De
Carvalho, R., Djorgovski, G., Srianand, R., Aghaee, A., &tia S.
2007, MNRAS, in press [astro-ph/0702369]

Noeske, K. G., et al. 2007, ApJ, in press [astro-ph/0703056]

Noordermeer, E., & van der Hulst, J. M. 2007, MNRAS, in press
[astro-ph/0701730]

Norberg, P., et al. 2002, MNRAS, 332, 827

Nurmi, P., Heinamaki, P., Saar, E., Einasto, M., HolopajdenMartinez,
V. J., & Einasto, J. 2006, A&A, in press [astro-ph/0611941]

O'Neill, J. K., & Dubinski, J. 2003, MNRAS, 346, 251

Patton, D. R., et al. 2002, ApJ, 565, 208



34 Hopkins et al.

Peng, C. Y., Impey, C. D., Rix, H.-W., Kochanek, C. S., KeeionR.,
Falco, E. E., Lehér, J., & McLeod, B. A. 2006, ApJ, 649, 616

Percival, W. J., Scott, D., Peacock, J. A., & Dunlop, J. S.R00NRAS,
338, L31

Pérez-Gonzélez, P. G., et al. 2005, ApJ, 630, 82

Pfenniger, D. 1984, A&A, 134, 373

Phleps, S., Peacock, J. A., Meisenheimer, K., & Wolf, C. 2008A, 457,
145

Pierce, C. M., et al. 2006, ApJ, in press [astro-ph/0608381]

Polletta, M. d. C., et al. 2006, ApJ, 642, 673

Porciani, C., Magliocchetti, M., & Norberg, P. 2004, MNRAZ5, 1010

Porciani, C., & Norberg, P. 2006, MNRAS, 371, 1824

Quinn, P. J. 1984, ApJ, 279, 596

Raha, N., Sellwood, J. A., James, R. A., & Kahn, F. D. 1991Ngt352,
411

Reed, D. S., Bower, R., Frenk, C. S., Jenkins, A., & Theung007,
MNRAS, 374, 2

Richards, G. T., et al. 2003, AJ, 126, 1131

—. 2005, MNRAS, 360, 839

—. 2006a, ApJs, 166, 470

—. 2006b, AJ, 131, 2766

Richstone, D., et al. 1998, Nature, 395, A14+

Robertson, B., Bullock, J. S., Cox, T. J., Di Matteo, T., Hpnist, L.,
Springel, V., & Yoshida, N. 2006a, ApJ, 645, 986

Robertson, B., Cox, T. J., Hernquist, L., Franx, M., HopkiRsF., Martini,
P., & Springel, V. 2006b, ApJ, 641, 21

Robertson, B., Hernquist, L., Cox, T. J., Di Matteo, T., Hoysk P. F.,
Martini, P., & Springel, V. 2006c, ApJ, 641, 90

Rodighiero, G., et al. 2007, MNRAS, 376, 416

Rothberg, B., & Joseph, R. D. 2006a, AJ, 131, 185

—. 2006b, AJ, 132, 976

Sajina, A., Yan, L., Armus, L., Choi, P., Fadda, D., Helou, &Spoon, H.
2007, ApJ, in press arXiv:0704.1765v1 [astro-ph]

Salpeter, E. E. 1964, ApJ, 140, 796

Salucci, P., Szuszkiewicz, E., Monaco, P., & Danese, L. 1B89RAS,
307, 637

Salviander, S., Shields, G. A., Gebhardt, K., & Bonning, E2006, New
Astronomy Review, 50, 803

Sanchez, S. F,, et al. 2004, ApJ, 614, 586

Sanders, D. B., & Mirabel, I. F. 1996, ARA&A, 34, 749

Sanders, D. B., Soifer, B. T., Elias, J. H., Madore, B. F.,thaws, K.,
Neugebauer, G., & Scoville, N. Z. 1988a, ApJ, 325, 74

—.1988b, ApJ, 325, 74

Sanders, D. B., Soifer, B. T., Elias, J. H., Neugebauer, Gvaithews, K.
1988c, ApJ, 328, L35

Saunders, W., Rowan-Robinson, M., Lawrence, A., Efstath@®, Kaiser,
N., Ellis, R. S., & Frenk, C. S. 1990, MNRAS, 242, 318

Schwarz, M. P. 1981, ApJ, 247, 77

Schweizer, F. 1992, in Physics of Nearby Galaxies: Natuiéusture?, ed.
T. X. Thuan, C. Balkowski, & J. Tran Thanh van, 283—+

Schweizer, F. 1996, AJ, 111, 109

Schweizer, F. 1998, in Saas-Fee Advanced Course 26: Gsildmteractions
and Induced Star Formation, ed. R. C. Kennicutt, Jr., F. ®cer, J. E.
Barnes, D. Friedli, L. Martinet, & D. Pfenniger, 105—+

Schweizer, F., & Seitzer, P. 1992, AJ, 104, 1039

Serber, W., Bahcall, N., Ménard, B., & Richards, G. 2006, /@B, 68

Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 24, 337

Shankar, F., Salucci, P., Granato, G. L., De Zotti, G., & Bané.. 2004,
MNRAS, 354, 1020

Shaw, L. D., Weller, J., Ostriker, J. P., & Bode, P. 2006, Aplh, 815

Shen, S., Mo, H. J., White, S. D. M., Blanton, M. R., Kauffma@h, Voges,
W., Brinkmann, J., & Csabai, |. 2003, MNRAS, 343, 978

Shen, Y., et al. 2007, AJ, in press [astro-ph/0702214]

Shepherd, C. W., et al. 2001, ApJ, 560, 72

Sheth, R. K., Mo, H. J., & Tormen, G. 2001, MNRAS, 323, 1

Shields, G. A., Gebhardt, K., Salviander, S., Wills, B. Jg,)B.,
Brotherton, M. S., Yuan, J., & Dietrich, M. 2003, ApJ, 583412

Shields, G. A., Menezes, K. L., Massart, C. A., & Vanden B&u2006,
ApJ, 641, 683

Sijacki, D., Springel, V., Di Matteo, T., & Hernquist, L. 200MNRAS,
submitted, arXiv:0705.2238v1 [astro-ph]

Simdes Lopes, R. D., Storchi-Bergmann, T., de Fatima Sarbiv, &
Martini, P. 2007, ApJ, 655, 718

Smith, R. E., etal. 2003, MNRAS, 341, 1311

Soifer, B. T., & Neugebauer, G. 1991, AJ, 101, 354
Sol Alonso, M., Lambas, D. G., Tissera, P., & Coldwell, G. BORINRAS,
367, 1029

Soltan, A. 1982, MNRAS, 200, 115

Spergel, D. N., et al. 2003, ApJS, 148, 175

—. 2006, ApJ, in press [astro-ph/0603449]

Springel, V., Di Matteo, T., & Hernquist, L. 2005a, ApJ, 6209

—. 2005b, MNRAS, 361, 776

Springel, V., & Hernquist, L. 2003, MNRAS, 339, 289

Springel, V., White, S. D. M., Tormen, G., & Kauffmann, G. 200ANRAS,
328, 726

Springel, V., et al. 2005c, Nature, 435, 629

Stevens, J. A., Page, M. J., lvison, R. J., Carrera, F. Jta)if. P. D., Smail,
I., & McHardy, I. M. 2005, MNRAS, 360, 610

Strateva, |., et al. 2001, AJ, 122, 1861

Straughn, A. N., Cohen, S. H., Ryan, R. E., Hathi, N. P.,, Wardh R. A.,
& Jansen, R. A. 2006, ApJ, 639, 724

Taylor, J. E., & Babul, A. 2004, MNRAS, 348, 811

Thacker, R. J., Scannapieco, E., & Couchman, H. M. P. 2008, 8%3, 86

Tinker, J. L., Weinberg, D. H., Zheng, Z., & Zehavi, |. 20059A 631, 41

Toomre, A. 1977, in Evolution of Galaxies and Stellar Popates, ed.
B. M. Tinsley & R. B. Larson, 401

Toomre, A., & Toomre, J. 1972, ApJ, 178, 623

Tormen, G., Moscardini, L., & Yoshida, N. 2004, MNRAS, 35@39Y

Tremaine, S., et al. 2002, ApJ, 574, 740

Ueda, Y., Akiyama, M., Ohta, K., & Miyaji, T. 2003, ApJ, 59838

Urrutia, T., et al. 2007, ApJ, in preparation

Vale, A., & Ostriker, J. P. 2006, MNRAS, 371, 1173

van den Bosch, F. C., Tormen, G., & Giocoli, C. 2005, MNRAS) 36029

van den Bosch, F. C., et al. 2006, MNRAS, in press [astro§#0686]

Vanden Berk, D. E., et al. 2006, AJ, 131, 84

Vestergaard, M. 2004, ApJ, 601, 676

\olonteri, M., Salvaterra, R., & Haardt, F. 2006, MNRAS, 37121

Wake, D. A., Miller, C. J., Di Matteo, T., Nichol, R. C., Pop&,, Szalay,
A.S., Gray, A., Schneider, D. P., & York, D. G. 2004, ApJ, 61L85

Walter, F., Carilli, C., Bertoldi, F., Menten, K., Cox, PoLK. Y., Fan, X., &
Strauss, M. A. 2004, ApJ, 615, L17

Wang, L., Li, C., Kauffmann, G., & de Lucia, G. 2006, MNRAS, 13537

Wechsler, R. H., Bullock, J. S., Primack, J. R., KravtsovVA & Dekel, A.
2002, ApJ, 568, 52

Wechsler, R. H., Zentner, A. R., Bullock, J. S., Kravtsov\A.& Allgood,
B. 2006, ApJ, 652, 71

Weinmann, S. M., van den Bosch, F. C., Yang, X., & Mo, H. J. 2006
MNRAS, 366, 2

White, R. L., Helfand, D. J., Becker, R. H., Gregg, M. D., Paat, M.,
Lauer, T. R., & Oegerle, W. 2003, AJ, 126, 706

White, S. D. M. 1976, MNRAS, 174, 467

Wolf, C., et al. 2005, ApJ, 630, 771

Woo, J.-H., Treu, T., Malkan, M. A., & Blandford, R. D. 2006p4, 645, 900

Woods, D. F., Geller, M. J., & Barton, E. J. 2006, AJ, 132, 197

Wuyts, S., et al. 2007, ApJ, in preparation

Wyithe, J. S. B., & Loeb, A. 2002, ApJ, 581, 886

Xu, C. K., Sun, Y. C., &He, X. T. 2004, ApJ, 603, L73

Yan, R., Madgwick, D. S., & White, M. 2003, ApJ, 598, 848

Yang, X., Mo, H. J., & van den Bosch, F. C. 2003, MNRAS, 339,705

Yang, Y., Tremonti, C. A., Zabludoff, A. |., & Zaritsky, D. 28, ApJ, 646,
L33

Yang, Y., Zabludoff, A. |., Zaritsky, D., Lauer, T. R., & Milgp J. C. 2004,
ApJ, 607, 258

Yip, C. W.,, et al. 2004, AJ, 128, 2603

Younger, J., et al. 2007, ApJ, in preparation

Yu, Q., & Lu, Y. 2004, ApJ, 602, 603

Yu, Q., & Tremaine, S. 2002, MNRAS, 335, 965

Yun, M. S., Reddy, N. A., & Condon, J. J. 2001, ApJ, 554, 803

Zakamska, N. L., Strauss, M. A., Heckman, T. M., Ne#., & Krolik, J. H.
2004, AJ, 128, 1002

Zakamska, N. L., et al. 2006, AJ, 132, 1496

Zehavi, |., et al. 2005, ApJ, 630, 1

Zentner, A. R., Berlind, A. A., Bullock, J. S., Kravtsov, A.,\& Wechsler,
R. H. 2005, ApJ, 624, 505

Zheng, Z., et al. 2005, ApJ, 633, 791



