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ABSTRACT

We develop an evolutionary model for starbursts, quasars,spheroidal galaxies in which supermassive
black holes play a dominantrole. In this picture, merget&ben gas-rich galaxies drive nuclear inflows of gas,
producing intense starbursts and feeding the growth ofrsugiesive black holes. During this phase, the black
hole is heavily obscured (a “buried” quasar), but feedbawegy from its growth expels the gas, rendering
the black hole briefly visible as a bright, optical source\eible” quasar), and eventually halting accretion
(a “dead” quasar). The self-regulated growth of the bladk laccounts for the observed correlation between
black hole mass and stellar velocity dispersion in sphatajdlaxies. We show that the quasar lifetime and
obscuring column density depend on both the instantanewlgeak luminosities of the quasar, and determine
this dependence using a large set of simulations of galaxgengvarying the host galaxy properties, orbital
geometry, and gas physics.

We use our fits to the lifetime and column density to decorwalvserved quasar luminosity functions and
obtain the evolution of the formation rate of quasars witledain peak luminosityii(Lpeax 2). In our model,
quasars spend extended periods of time at luminositieshe@lv their peaks, and S#Lpear 2) has a maxi-
mum, falling off at both brighter and fainter luminositiesrresponding to the “break” in the observed quasar
luminosity function. We obtain self-consistent fits to hartl soft X-ray and optical quasar luminosity func-
tions for a model in whichi(Lyeak 2) varies with redshift according to pure peak luminositylation. From
this form forri(Lpear 2), and our simulation results for the luminosity dependeofcihe quasar lifetime and
obscuring column, we are able to reproduce many observaialetiges, including: the column density dis-
tribution of both optical and X-ray selected quasar samptes luminosity function of broad-line quasars in
X-ray samples and the broad-line (Type I, Type Il) fracti@naafunction of luminosity, the mass function of
active black holes, the observed distribution of Eddingatdios at both low and high redshift, the present-day
mass function of relic, inactive supermassive black holebstatal black hole mass density, and the spectrum
of the cosmic X-ray background. In each case, our predistagree well with observations, matching them
to higher precision than previous tunable models for quisfetimes and obscuration similarly fit to the lumi-
nosity function. We provide a library of Monte Carlo reatipas of our modeling for comparison with a wide
range of observations, using various selection criteria.

Subject headinggjuasars: general— galaxies: nuclei — galaxies: active -ax@@s: evolution — cosmology:
theory

1. INTRODUCTION underlying galaxy formation and evolution are poorly under
The measurement of anisotropies in the cosmic microwaveSto0d- For example, there has yet to be an ab initio calcula-
background (e.g. Spergel et al. 2003) combined with observa 10N starting from an initial state prescribed by the stmd
tions of high redshift supernovae (e.g. Riess etal. 199@)20 Model, resulting in a population of objects that reproduces
Perlmutter et al. 1999) have established a “standard modeloPserved galaxies. Il-lo_vveverz, from tlf(lje dsame initial condfl-l
for the Universe, in which the energy density is dominated by 0Nns, computer simulations have yielded a new, successfu

an unknown form driving accelerated cosmic expansion, andinterpretation of the Lyman-alpha forest in which absanpti
most of the mass is non-baryonic, in a ratio of roughly 5:1 I caused by density fluctuations in the intergalactic mediu

to ordinary matter. On small scales, it is believed thatcstru  (€-9- Cen et aclj' 199‘]}; Zhang zt al. 19|95; Hgmql?iSt etal.}996
ture formed through gravitational instability. In the emtly ~ ©Ver many orders of magnitude in column density (e.g. Katz et
favored cold dark matter (CDM) paradigm, objects grow hi- aI._1996a), explicitly related to growth of strgcture inakaD
erarchically, with smaller ones forming first and then merg- Universe (e.g. Croft ?t al. 1998’I 199?' 2002; MCDO”%'.d etal.
ing into successively larger bodies. As baryons fall intckda 2000, 2004; Hui et al. 2001; Viel et al. 2003, 2004). This sug-
matter potential welis, the gas is shocked and then coaisrad 9€StS that the difficulties with understanding galaxy faiora
tively to form stars and galaxies, in a “bottom-up” progiess and evolution lie not in the initial conditions or with the-de
(White & Rees 1978). ' scription of dark matter, but rather with the physics that ha

Even with the many successes of this picture, the processe8€€n used to model the baryons. L
Observations have revealed regularities in the structfire o

1 Harvard-Smithsonian Center for Astrophysics, 60 GardeaeStCam- galaxies that point to some of this “missing” physics. Super

bridge, MA 02138, USA massive black holes appear to reside at the centers of most
2 Carnegie Mellon University, Department of Physics, 500€bEe Ave., galaxies (e.g. Kormendy & Richstone 1995; Richstone et al.
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al. 1998; McLure & Dunlop 2002; Marconi & Hunt 2003) or
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the velocity dispersion (i.e. thilgy-o relation: Ferrarese & hierarchical

Merritt 2000; Gebhardt et al. 2000; Tremaine et al. 2002) of galaxy growth - al galaxies

spheroids, demonstrating a direct link between the ori§in o Meroers < (dead quasars)
1<) d C

galaxies and supermassive black holes. Simulations which
follow the self-regulated growth of black holes in galaxy
mergers (Di Matteo et al. 2005; Springel et al. 2005a) have gas galaxy formation AGN
shown that the energy released through this process has a inflows and evolution feedback
global impact on the structure of the merger remnant. If this
conclusion applies to spheroid formation in general, the si

: I i starbursts & active
ulations demonstrate that models for the origin and evartuti buried quasars e
. Juasars quasars
of galaxies must account for black hole growth and feedback growth of
in a fully self-consistentnanner. supermassive black holes

Analytical and semi-analytical modeling_(Silk & Rizes
1998; [Fabian | 1999; | Wyithe & Loeb | 2002,[ _2003; Fic. 1.— Schematic representation of a “cosmic cycle” for galtorma-
Begelman & Naih[_2005) suggests that, beyond a certaintion and evolution regulated by black hole growth in mergers
threshold, feedback energy from black holes can expel gas
from the centers of galaxies, shutting down accretion onto
them and limiting their masses. However, these calculation
usually ignore the impact of this process on star formation turing galaxies, as advocated especially by Toomre & Toomre
and therefore do not explain the link between black hole (1972) and Toomre (1977). (For reviews, see, e.g., Barnes &
growth and spheroid formation, and furthermore make sim- Hernquist 1992; Barnes 1998; Schweizer 1998.)
plifying assumptions about the dynamics of such accretion. Subsequent analysis by Hopkins et al. (2005a,b,c,d)
For example, the duration of black hole growth is a free has shown that the merger simulations can account for
parameter, which is fixed either using observational edéma quasar phenomena as a phase of black hole growth. Unlike
or assumed to be similar to e.g. the dynamical time of the what has been assumed in e.g. semi-analytical studies of
host galaxy or thee-folding time for Eddington-limited quasars, the simulations predict complicated evolutian fo
black hole growtrs = Mgy /M = 4.5 x 10717 (¢, /0.1) yr for quasar lifetimes, fueling rates for black hole accretion,
accretion with radiative efficiency, = L/Mc? ~ 0.1 and obscuration, and quasar light curves. The light curves were
| =L/Legs < 1 (Salpetél 1964). Moreover, these studies have studied byl Hopkins et all (2005a,b), who showed that the
adopted idealized models for quasar light curves, usuallySelf-termination process gives observable lifetimed0’yr
corresponding to growth at a constant Eddington ratio or for bright optical quasars and predicts a large population
on-off, “light bulb,” scenarios. As we discuss below, less Of obscured sources as a natural stage of quasar evolution,
restrictive modeling suggests that this phase is actuatiem as implied by observations (for a review, see Brandt &

complex. Hasinger 2005). Hopkins etlal. (2005b) analyzed simulation
Efforts to model quasar accretion and feedback more self-over a range of galaxy masses and found that the quasar
consistently (e.gl, Cioffi & Ostrikér 1997, 2001; Granatale  light curves and lifetimes are always qualitatively simila

20024) by treating the hydrodynamical response of gas toWith both the intrinsic and observed quasar lifetimes being
black hole growth have generally been restricted to idedliz decreasing functions of luminosity, with longer lifetimas
geometries, such as spherical symmetry, employing simpleall luminosities for higher-mass (higher peak luminosity)
models for star formation and galaxy-scale quasar fueling.systems. The dependence of the lifetime on luminosity led
However, these works have made it possible to estimate dutyHopkins et al.|(2005¢) to suggest a new interpretation of the
cycles of quasars and shown that the objects left behind havéluasar luminosity function, in which the steep bright-end
characteristics similar to those observed, with quasal-fee consists of quasars radiating near the Eddington limit and
back being a critical element in reproducing these featuresis directly related to the distribution of intrinsic peakmit
(e.g. Sazonov et al. 2005; Kawata & Gibson 2005; Cirasuolo nosities (or final black hole masses) as has been assumed
et al. 2005; for a review, see Ostriker & Ciotti 2005). previously (e.g.._Small & Blandford 1992; Haiman & Loeb
Soringel et dl.[(2005b) have incorporated black hole growth 1998; Haiman & Menali 2000; Kauffmann & Haehfelt 2000;
and feedback into simulations of galaxy mergers and include Somerville et al. | 2001;_Tully et all_2002;_Wyithe & Loeb
a multiphase model for star formation and pressurization2003; LVolonteri et &l. | 2003;L_Haiman, Quataert, & Bower
of the interstellar gas by supernovae (Springel & Hernquist:2004; Croton et al._2005), but where the shallow, faint-end
2003) to examine implications of these processes for galaxyof the luminosity function describes black holes growing
formation and evolution. Di Matteo et al. (2005) and Springe towards or declining from peak phases of quasar activity,
et al. (2005a,b) have shown that gas inflows excited by grav-With Eddington ratios generally betweer- 0.01 and 1. The
itational torques during a merger both trigger starburats a “break” in the luminosity function corresponds directly to
fuel rapid black hole growth. The growth of the black hole thepeakin the distribution of intrinsic quasar properties. As
is determined by the gas supply and terminates as gas is exargued by Hopkins et all (200bc,d) this new interpretation
pelled by feedback, halting accretion, leaving a dead quasa©f the luminosity function can self-consistently explain
in an ordinary galaxy. The self-regulated nature of black various properties of both the quasar and galaxy populgtion
hole growth in mergers explains observed correlations be-connecting the origin of galaxy spheroids, supermassive
tween black hole mass and properties of normal galaxiesblack holes, and quasars. _
(Di Matteo et al[2005), as well as the color distributionbfe ~ Motivated by these results, and earlier work by many others
lipticals (Springel et .. 2005a). These results lend sugpo ~ Which we summarize below, in this paper we consider a pic-

the view that mergers have played an important role in struc-ture for galaxy formation and evolution, illustrated sctagm
ically as a “cosmic cycle” in FigurEl 1, in which starbursts,
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quasars, and the simultaneous formation of spheroids and suwhile a combination of arguments based on time variability
permassive black holes represent connected phases imdbe li and energetics suggests that quasars are produced by the ac-
of galaxies. Mergers are expected to occur regularly in a hi-cretion of gas onto supermassive black holes in the centers
erarchical universe, particularly at high redshifts. Tdbs- of galaxies (e.g. Salpeter 1964; Zel'dovich & Novikov 1964;
tween gas-rich galaxies drive nuclear inflows of gas, thigge Lynden-Bell 1969), the mechanism that provides the trigger
ing starbursts and fueling the growth of supermassive blackfuel quasars therefore remains uncertain. Furthermoeegth
holes. During most of this phase, quasar activity is obgture have been no comprehensive models that describe the tran-
but once a black hole dominates the energetics of the centrakition between ULIRGs and quasars that can simultaneously
region, feedback expels gas and dust, making the black holeaccount for observed correlations like tkigy-o relation.

visible briefly as a bright quasar. Eventually, as the gas is Here, we study these relationships using numerical simu-
further heated and expelled, quasar activity can no longer b lations of galaxy mergers that account for the consequences
maintained and the merger remnant relaxes to a normal galaxyf black hole growth. In our simulations, black holes ac-
with a spheroid and a supermassive black hole. In some casegrete and grow throughout a merger event, producing com-
depending on the gas content of the progenitors, the remnanplex, time-varying quasar activity. Quasars reach a paaklu
may also have a disk (Springel & Hernquist 2005; Robert- nosity, Lpear, during the “blowout” phase of evolution where
son et al. 2005a). The remnant will then evolve passively andfeedback energy from black hole growth begins to drive away
would be available as a seed to repeat the above cycle. As théhe gas, eventually slowing accretion. Prior to and folloyvi
Universe evolves and more gas is consumed, the mergers inthis brief period of peak activity, quasars radiate at insta
volving gas-rich galaxies will shift towards lower masses, taneous luminositied,, with L < Lpea However, we show
plaining the decline in the population of the brightest guas  that even with this complex behavior, the global character-
from z ~ 2 to the present, and the remnants that are gas-pooistics that determine the observed properties of quasars, i
will redden quickly owing to the termination of star forntati lifetimes, light curves, and obscuration, can be expressed
by black hole feedback (Springel et al. 2005a), so thatthey r functions ofL andLpeax allowing us to make predictions for
semble elliptical galaxies, surrounded by hot X-ray emifti  quasar populations that agree well with observations,@ttpp
halos (e.g. Cox et al. 2005). ing the scenario sketched in Figlie 1.

There is considerable observational support for this sce- In 8 @, we discuss our methodology and show how the
nario, which has led the development of this picture for the quasar lifetimes and obscuration from our simulations @an b
co-evolution of galaxies and quasars over recent decades. | expressed as functions of the instantaneous and peak lumi-
frared (IR) luminous galaxies are thought to be powered in nosities of quasars. We also define a set of commonly adopted
part by starbursts (e.g. Soifer et al. 1984a,b; Sanders et almodels for the quasar lifetime and obscuration againsthvhic
1986, 1988a,b; for a review, see e.g. Soifer et al. 1987),we compare our predictions throughout. IRl § 3, we apply our
and the most intense examples locally, ultraluminousieffa  models to the quasar luminosity function, using the obskrve
galaxies (ULIRGS), are invariably associated with mergers luminosity function to determine the distribution of quasa
(e.g. Allen et al. 1985; Joseph & Wright 1985; Armus et al. peak luminosities, and show that this allows us to simultane
1987; Kleinmann et al. 1988; Melnick & Mirabel 1990; for ously reproduce the hard X-ray, soft X-ray, and optical quas
reviews, see Sanders & Mirabel 1996 and Jogee 2004). Raiuminosity functions at all redshifts< 3, and the distribution
dio observations show that ULIRGs have large, central con-of column densities in both optical and X-ray samples. [h § 4,
centrations of dense gas (e.g. Scoville et al. 1986; Samjent we determine the time in our simulations when quasars will
al. 1987, 1989), providing a fuel supply to feed black hole be observable as broad-line objects, and use this to ptédict
growth. Indeed, some ULIRGs have “warm” IR spectral en- broad-line luminosity function and fraction of broad-liab-
ergy distributions (SEDs), suggesting that they harboiebur  jects in quasar samples, as a function of luminosity, asagell
quasars (e.g. Sanders et al. 1988c), an interpretatiorgétre ~ the mass function of low-redshift, active broad-line quasa
ened by X-ray observations demonstrating the presence ofn §[, we estimate the distribution of Eddington ratios im ou
two non-thermal point sources in NGC6240 (Komossalet al. simulations as a function of luminosity, and infer Eddingto
2003), which are thought to be supermassive black holes thatatios in observed samples at different redshifts. [ § 6, we
are heavily obscured at visual wavelengths (e.g. Gerssen etise our modeling to predict both the mass distribution and to
al. 2004; Max et al. 2005, Alexander et al. 2005a,b). Thesetal density of present-day relic supermassive black haled,
lines of evidence, together with the overlap between boteme describe their evolution with redshift. In@ 7, we similarly
ric luminosities of ULIRGs and quasars, indicate that gtesa apply this model to predict the integrated cosmic X-ray back
are the descendents of an infrared luminous phase of galaxyround spectrum, accounting for the observed spectrum from
evolution caused by mergers (Sanders et al. 1988a), an in~ 1-100keV. In 8, we discuss the primary qualitative im-
terpretation supported by observations of quasar hosts (e. plications of our results and propose falsifiable tests aof ou
Stockton 1978; Heckman et al. 1984; Stockton & MacKenty picture. Finally, in §B, we conclude and suggest directions
1987; Stockton & Ridgway 1991; Hutchings & Neff 1992; for future work.

Bahcall et al. 1994, 1995, 1997; Canalizo & Stockton 2001).  Throughout, we adopt &y = 0.3, Q) = 0.7, Hp =

However, many of the physical processes that connect the7Okms*Mpc™ (h = 0.7) cosmology.
phases of evolution in FiguE& 1 are not well understood.yEarl
simulations showed that mergers produce objects resegblin 2. THE MODEL: METHODOLOGY
galaxy spheroids (e.g. Barnes 1988, 1992; Hernquist 1992, Our model of quasar evolution has several elements, which
1993a) and that if the progenitors are gas-rich, gravitafio we summarize here and describe in greater detail below.
torques funnel gas to the center of the remnant (e.g. Barnes &

Hernquist 1991, 1996), producing a starburst (e.g. Mihos & ¢ In what follows, a “quasar” is taken to mean the course
Hernquist 1996), but these works did not explore the refatio of black hole activity in asinglemerger event. We use
ship of these events to black hole growth and quasar activity the term “quasar lifetime” to refer to the time spent by
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such a quasar at a given luminosity or fraction of the
guasar peak luminosity, integrated over all black hole
activity in a single merger event. This is not meant
to suggest that this would constitute the entire accre-
tion history of a black hole — a given black hole may
have multiple “lifetimes” triggered by different merg-
ers, with each merger in principle fueling a distinct
“quasar” with its own lifetime. There is no a priori lu-
minosity threshold for quasar activity — the time history
can include various epochs at low luminosities and ac-
cretion rates.

We model the galaxy mergers using hydrodynamical
simulations, varying the orbital parameters of the en-
counter, the internal properties of the merging galax-
ies, prescriptions for the gas physics, initial “seed”
black hole masses of the merging systems, and nu-
merical resolution of the simulations. The black hole
accretion rate is determined from the surrounding gas
(smoothed over the scale of our spatial resolution,
reaching 20pc in the best cases), i.e. the density and
sound speed of the gas, and its motion relative to
the black hole, using Eddington-limited, Bondi-Hoyle-
Lyttleton accretion theory. The black hole radiates
with a canonical efficiency, = 0.1 corresponding to

a standard_Shakura & Sunyaev (1973) thin disk, and
we assume that- 5% of this radiated luminosity is
deposited as thermal energy into the surrounding gas,
weighted by the SPH smoothing kernel (which has
a ~ r2 profile) over the scale of the spatial resolu-
tion. This scale is such that we cannot resolve the
complex accretion flow immediately around the black
hole, but we adopt this prescription because: (1) it re-
produces the observed slope and normalization in the
Mgy — o relation (Di Matteo et al. 2005), (2) it fol-
lows from observations, based on estimates of the en-
ergy contained in highly-absorbed UV portion of the
quasar SED (e.d.._Elvis etlal. 1994; Telfer el al. 2002),
(3) it follows from theoretical considerations of mo-
mentum coupling to dust grains in the dense gas very
near the quasar (Murray et al. 2005) and hydrodynam-
ical simulations of small-scale radiative heating from
guasar accretion (Ciotti & Ostrikér 2001), and (4) even
if the feedback is initially highly collimated, a driven
wind or shock in a dense region such as the cen-
ter of the merging galaxies will rapidly isotropize, so
long as it is decelerated by gravity and the surround-
ing medium, allowing the high sound speed within the
shock to equalize angle-dependent pressure variations
(e.g.,. Koo & McKeH 1990), and furthermore initial lo-
cal distortions will be washed away in favor of triax-
ial structure determined by the large-scale density gra-
dients [(Bisnovatyi-Kogan & Silich 1981), as occurs in
our simulations.

For each of our merger simulations, we compute the
bolometric black hole luminosity and column density

ity, P(L|Lpeay), and column density?(Ny|L, Lpeay, are
computed using all simulations that fall into a given bin

in Lpeak The final black hole mass (black hole mass
at the end of the individual merger — subsequent merg-
ers and quasar episodes could further increase the black

hole mass) is approximateMéH ~ Medd(Lpea (but
not exactly, see[&2.4), so we obtain similar results if we

bin instead bWI,;H. Our calculation oMéH(Lpeak) al-

lows us to express our conditional distributions of lumi-
nosity and column density in terms of either peak lumi-
nosity or final black hole mass. Critically, we find that

expressed in terms @feax OF MéH, there is no system-
atic dependence in the quasar evolution on the varied
merger simulation properties — this allows us to calcu-
late a large number of observables in terms gy or

MéH without the large systematic uncertainties inher-
ent in attempting to directly estimate e.g. quasar light
curves in terms of host galaxy mass, gas fraction, multi-
phase pressurization of the interstellar medium, orbital
parameters and merger stage, and other variables.

The observed quasar luminosity function is the convo-
lution of the time a given quasar spends at some ob-
served luminosity with the rate at which such quasars
are created. Knowing the distributioR§L|Lpeay) and
P(N4IL, Lpeay, We can calculate the time spent by a
quasar with somé.pea at an observed luminosity in

a given waveband. We use this to fit to observational
estimates of the bolometric quasar luminosity func-
tion ¢(L), de-convolving these quantities to determine
the functionri(Lpeay; i.€. the rate at which quasars of
a given peak luminosity must be created or activated
(triggered in mergers) in order to reproduce the ob-
served bolometric luminosity function.

Given these inputs, we determine the joint distribu-
tion in instantaneous luminosity and black hole mass,
column density distribution, peak luminosity and fi-
nal black hole mass, as a function of redshift, i.e.
n(L, L., Men, NH, Lpeak MéH | 2, at all redshifts where
the observed quasar luminosity function can provide
the necessary constraint. From this joint distribution,
we can compute, for example, luminosity functions in
other wavebands, conditional column density distribu-
tions, active black hole mass functions and Eddington
ratio distributions, and relic black hole mass functions
and cosmic backgrounds. We can compare each of
these results to those determined using simpler models
for either the quasar lifetime or column density distri-
butions; in 2B we describe a canonical set of such
models, to which we compare throughout this paper.

2.1. The Simulations

The simulations were performed wi@ADGET-2(Springe
2005), a new version of the parallel TreeSPH cGa®GET

along~ 1000 lines of sight to the black hole(s) (evenly (Springel. Yoshida, & Whiie 2001) GADGET-2 is based on
spaced in solid angle), as a function of time from the a fully conservative formulation (Springel & Hernqtlist 2)0
beginning of the simulation until the system has relaxed ©f Smoothed particle hydrodynamics (SPH), which maintains

for ~ 1 Gyr after the merger.

simultaneous energy and entropy conservation when smooth-

ing lengths evolve adaptively (for a discussion, see e.grnH

We bin different merger simulations thyeax the peak
bolometric luminosity of the black hole in the sim-

quist 1993b, O’'Shea et al. 2005). Our simulations account fo
radiative cooling, heating by a UV background (as in Katz et

ulation, and the conditional distributions of luminos- al. 1996b, Davé et al. 1999), and incorporate a sub-resoluti
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model of a multiphase interstellar medium (ISM) to describe Vi, = 160kms?, fyas= 1.0, geos= 1.0, andzg, = 0, a fidu-
star formation and supernova feedback (Springel & Herrquis cial choice with a rotation curve and mass similar to the Milk
2003). Feedback from supernovae is captured in this sub-Way, and Hopkins et al. (20050,kc,d) used a set of simulations
resolution model through an effective equation of state for with the same parameters but varyWg =80, 113 160, 226,
star-forming gas, enabling us to stably evolve disks with ar and 320kmg!, which we refer to below as runs A1, A2, A3,
bitrary gas fractions (see, e.g. Springel et al. 2005b; Rebe A4, and A5, respectively.
son et al. 2004). In order to investigate the consequences of Typically, each galaxy is initially composed of 168000 dark
supernova feedback over a range of conditions, we employmatter halo particles, 8000 bulge particles (when present)
the scheme af Springel etlal. (2005b), introducing a parame-24000 gas and 24000 stellar disk particles, and one BH parti-
tergeosto interpolate between an isothermal equation of statecle. We vary the numerical resolution, with many of our sim-
(geos= 0) and the full multiphase equation of statgds=1) ulations using instead twice as many particles in each galax
described above. and a subset of simulations with up to 128 times as many par-
Supermassive black holes (BHs) are represented by “sink”ticles. We vary the initial seed mass of the black hole toiden
particles that accrete gas at a radke estimated using an tify any systematic dependence of our results on this choice
Eddington-limited version of Bondi-Hoyle-Lyttleton aeer ~ In most cases, we choose the seed mass either in accord with
tion theory (Bondi 1952; Bondi & Hoyle 1944; Hoyle & Lyt-  the observed/lgy-o relation or to be sufficiently small that its
tleton 1939). The bolometric luminosity of the black hole is presence will not have an immediate dynamical effect. Given
Lol = M2, wheree, = 0.1 is the radiative efficiency. We the particle numbers employed, the dark matter, gas, and sta
assume that a small fraction (typicatly5%) of Ly couples  Particles are all of roughly equal mass, and central custpein
dynamically to the surrounding gas, and that this feedback i dark matter and bulge profiles are reasonably well resolved
injected into the gas as thermal energy, as described above. (See Fig 2. in Springel et al. 2005b). The galaxies are then se
We have performed several hundred simulations of collid- to collide from a zero energy orbit, and we vary the inclina-
ing galaxies, varying the numerical resolution, the orbthe ~ tions of the disks and the pericenter separation. .
encounter, the masses and structural properties of the-merg A representative example of the behavior of the simulations
ing galaxies, initial gas fractions, halo concentratiomsd S provided in Figurél2, which shows the time sequence of
the parameters describing star formation and feedback from@. Merger involving two bulge-less progenitor galaxies with
supernovae and black hole growth. This large set of simu-Virial velocities of 160 km‘s.1L and initial gas fractions of 20%.
lations allows us to investigate merger evolution for a wide During the merger, gas is driven to the galaxy centers by
range of galaxy properties and to identify any systematic de gravitational tides, fueling nuclear starbursts and blacle
pendence of our modeling. The galaxy models are describedrowth. The quasar activity is short-lived and peaks twice i
in Soringel et dl.[(2005b), and we briefly review their proper this merger, both during the first encounter and the final co-
ties here. alescence of the galaxies. To illustrate the bright, offfica
The progenitor galaxies in our simulations have virial ve- observable phase(s) of quasar activity which we identify be
locitiesVyir = 80,113 160, 226, 320, and 500km3s.. We con- low, we have added nuclear point sources in the center at the
sider cases with gas equation of state parametgys= 0.25  Position(s) of the black hole(s) at timds=1.03, 139 and
(moderately pressurized, with a mass-weighted temperatur 1.48 Gyr, generating a surface density in correspondence to
of star-forming gas- 10*°K) andgeos= 1.0 (the full, “stiff” the relative luminosities of stars and quasar at these times
Springe'_Hernquist equation of State’ with a mass_we'[ghte At other tlmeS, the aCCI’etIQn aCt|\./|t.y is either obscurether
temperature of star-forming gas10°K), and initial disk gas ~ black hole accretion rate is negligible. To make the appear-
fractions (by mass) ofyas= 0.2, 0.4, 0.8, and 10. Finally, we ~ ance of the quasar visually more apparent, we have puta small
scale these models with redshift, altering the physicaissof ~ Part of its luminosity in “rays” around the quasar. Thesesray
the galaxy components and the dark matter halo concentratio are artificial and are only a visual guide.
in accord with cosmological evolution_(Mo, Mao & White " :
1998). Details are proviged n Roberison etfal. (2005b), and 2.2. Column Densities & Quasar Attenuation
here we consider galaxy models scaled appropriately to re- From the simulation outputs, we determine the obscuration
semble galaxies of the sanW, fyas and geos at redshifts  of the black hole as a function of time during a merger by cal-
Zga=0, 2, 3, and 6. culating the column density to a distant observer along many
For each simulation, we generate two stable, isolated disklines of sight. Typically, we generate 1000 radial lines-of-
galaxies, each with an extended dark matter halo with asight (rays), each with its origin at the black hole locatomi
Hernquist (1990) profile, motivated by cosmological simula With directions uniformly spaced in solid angle d éaf. For
tions (e.g. Navarro et al. 1996; Busha et al. 2004) and ob-€ach ray, we begin at the origin and calculate and record the
servations of halo properties (e.g. Rines et al. 2002, 2002 ocal gas properties using the SPH formalism and move a dis-
2003, 2004), an exponential disk of gas and stars, and eptio tance along the raAr = nhsy, wheren <1 andhsm is the
ally) a bulge. The galaxies have masség = V.3, /(10GHo) local SPH smoothing length. The process is repeated until
for zg = 0, with the baryonic disk having a mass fraction a ray is sufficiently far from the origin 100 kpc) that the
my = 0.041, the bulge (when present) has a mass fractipn column has converged. We then integrate the gas properties
0.0136, and the rest of the mass is in dark matter typically along a particular ray to give the line-of-sight column dgns
with a concentration parameter 9.0. The disk scale-length ~ and mean metallicity. We have varigcand find empirically
is computed based on an assumed spin parametd).033,  that gas properties along a ray converge rapidly and change
chosen to be near the mode in the obsenedistribution ~ smoothly forp = 0.5 and smaller. We similarly vary the num-
(Vitvitska et al[2002), and the scale-length of the bulgeeis ~ ber of rays and find that the distribution of line-of-sighopf
to 0.2 times the resulting value. In Hopkins et al. (2005a), we erties converges fog, 100 rays.

describe our analysis of simulation A3, one of our set with From the local gas properties, we use the multiphase model
of the ISM described in_Springel & Hernauist (2003) to deter-
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T=0.21 Gyr T=0.32 Gyr T=0.39 Gyr T=0.50 Gyr

T=0.57 Gyr T=0.68 Gyr T=0.75 Gyr T=0.86 Gyr

T=0.94 Gyr T=1.03 Gyr T=1.11Gyr T=1.21Gyr

T=1.30 Gyr T=1.39 Gyr T =148 Gyr T =1.56 Gyr
T =1.66 Gyr T=1.75Gyr T=1.84 Gyr T=1.93 Gyr

Fic. 2.— Time sequence from one of our merger simulatidfys € 160kms?, initial gas fraction 20%). Each panel is 8Gkpc on a side and shows the
simulation time in the upper left corner. Brightness of vidiial pixels gives the logarithm of the projected stellaas® density, while color hue indicates the
baryonic gas fraction, from 20% (blue) to less than 5% (réd)T = 1.03, 139 and 148 Gyr, when the black hole could be seen as an optical quaseear
point sources are shown, providing a representation ofdlagive luminosities of stars and the quasar at these times.

mine the mass fraction in “hot” (diffuse) and “cold” (molecu  of sight, as it assumes a given ray passes only through the
lar and HI cloud core) phases of dense gas and, assuming presliffuse ISM, with > 90% of the mass of the dense ISM con-
sure equilibrium, we obtain the local density of the hot and centrated in cold-phase “clumps.” Given the small volume
cold phases and their corresponding volume filling factors. filling factor (< 0.01) and cross section of cold clouds, we ex-
The resulting values are in rough agreement with those ofpect that the majority of sightlines will pass only througle t
McKee & Ostriker (1977). Given a temperature for the warm, “hot-phase” component.

partially ionized component of the hot-phas&000K, deter- Using Lol = ¢,Mc?, we model the intrinsic quasar con-
mined by pressure equilibrium, we further calculate the-neu tinuum SED following Marconi et all (20D4), based on opti-
tral fraction of this gas, typically- 0.3-0.5. We denote the  cal through hard X-ray observations (elg.. Elvis éfal._1994
neutral and total column densitiesisg; andNy, respectively. George et dl.|_1998| Vanden Berk el al. _2001; Perolalet al.
Using only the hot-phase density allows us to place an effec2002; [Telfer et 2l.[2002] _Ueda efl al._2D0B: _Vianali et al.
tive lower limit on the column density along a particulain - 2003), with a reflection component generatéd by the
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PEXRAV model (Magdziarz & Zdziarski 19895). This yields,
for example, a B-band luminosity lobg/Ls) = 0.80—
0.067£ +0.017£2-0.002323, whereL = log (Lpoi/Le) —12,
and we take\g = 4400A, but as we model the entire intrin-

“blowout” phase, and the quasar sweeps away surrounding
gas and dust to become optically observable.

We show the resulting median column dendily at each
luminosityL in Figure[3. In the upper left panel, simulations

sic SED we can determine the bolometric correction in any With Zga = 0 are shownin black, those with = 2 in blue, and

frequency interval.

those withzg = 3 in yellow. In the upper right, simulations

We then use a gas-to-dust ratio to determine the extinctionWith fgas= 0.4 are shown in black, those wifflgas= 0.8 in red.

along a given line of sight at optical frequencies. Obséowat

In the lower left, simulations witllgos = 0.25 are shown in

suggest that the majority of reddened quasars have redgeninPlack, those withgeos = 1.0 in green. And in the lower right,

curves similar to that of the Small Magellanic Cloud (SMC;

simulations withVi;; = 80,113 160,226,320,and 500kmst

Hopkins et al. 2004, Ellison et al. 2005), which has a gas- are shown as black asterisks, purple dots, red diamonds) gre

to-dust ratio lower than the Milky Way by approximately the

triangles, yellow squares, and red crosses, respectigaty-

same factor as its metallicity_(Bouchef etlal._1985). Hence, ulations with other values for these parameters (not shown

we consider both a gas-to-dust ratio equal to that of theWlilk
Way, (As/Nui)mw = 8.47 x 10%?cn?, and a gas-to-dust ra-
tio scaled by metallicityAg/Nui = (Z/0.02)(As/Nui)mw- In

for clarity, but see e.g. Hopkins et al. [2005d]) show simila
trends.
While the increase in typicly values with luminosity ap-

both cases we use the SMC-like reddening curvé_df PeiPears to contradict observations suggesting that the aécu

(1992). The form of the correction for hard X-ray (2-10
keV) and soft X-ray (0.5-2 keV) luminosities is similar to
that of the B-band luminosity. We calculate extinction at X-
ray frequencies (0.03-10 keV) using the photoelectric gisso
tion cross sections af Morrison & McCammon (1983) and
non-relativistic Compton scattering cross sections, laiyi
scaled by metallicity. In determining the column density fo
photoelectric X-ray absorption, we ignore the inferredzed
fraction of the gas, as it is expected that the inner-shet-el
trons which dominate the photoelectric absorption edgés wi

fraction decreases with luminosity, this is because tha-rel
tionship shown above is dominated by quasars in growing,
heavily obscured phases. In these stages, the relatiobship
tween column density and luminosity is a natural conseqeienc
of the fact that both are fueled by strong gas flows into the
central regions of the galaxy — more gas inflow means higher
luminosities, but also higher column densities. Duringsthe
phases, the lognormal fits to column density as a function
of instantaneous and peak luminosity presented in this sec-
tion are reasonable approximations, but they break down in

be unaffected in the temperature ranges of interest. We tlo nothe brightest, short-lived stages of merger activity whes t

perform a full radiative transfer calculation, and therefdo
not model scattering or re-processing of radiation by dust i
the infrared.

quasar rapidly heats the surrounding gas and drives a power-
ful wind, lowering the column density, resulting in a bright
optically observable quasar. Including in greater deteslef-

For a full comparison of quasar lifetimes and column den- fects of quasar blowout during the final stages of its growth i

sities obtained varying our calculation df;, we refer to

8[4, we find that this modeling actually predicts the observed

HopkKins et al.[(2005b) (see their Figures 1, 5, & 6), and note decrease in obscured fraction with luminosity.

their conclusion that, after accounting for clumping of mos

The relationship betweeNy andL shows no strong sys-

mass in the dense ISM in cold-phase structures, the columri€matic dependence on any of the simulation parameters con-
density does not depend sensitively on our assumptions fosidered. Atmost, there is weak sensitivityks, in the sense

the small-scale physics of the ISM and obscuration — typi-

cally, the uncertainties in the resulting quasar lifetinseaa
function of luminosity are a factor 2 at low luminosities

that the simulations witlieos = 1.0 have slightly larger col-
umn densities at a given luminosity than those witlys =
0.25. We derive an analytical model relating both the ob-

in the B-band, and smaller in e.g. the hard X-ray. BecauseServed column density and quasar luminosity to the inflowing

our determination of the quasar luminosity functions is-sim

mass of gas in Hopkins etlal. (2005d), by assuming that while

ilar using the hard X-ray data alone or the hard X-ray, soft itis growing, the black hole mass is proportional to the o

X-ray, and optical data simultaneously, the added uncertai
ties in our calculation ofi(Lpeay in §[3.2 below owing to the
uncertainty in ouNy calculation are small compared to the
uncertainties owing to degeneracies in the fitting procedur
and uncertain bolometric corrections.

2.3. The Ny Distribution as a Function of Luminosity

Next, we consider the distribution of column densities as a
function of both the instantaneous and peak quasar luminosi

ties. For each simulation, we considéy values at all times
with a given bolometric luminosity. (in some logarithmic
interval inL), and determine the distribution of column den-
sities at that. weighted by the total time along all sightlines
with a givenNy. At eachL, we approximate the simulated
distribution and fit it to a lognormal form,

—loa2 N
1 exp log (’\;H/NH) _
ONy V 2T 20,

This provides a good fit for all but the brightest luminosi-

P(Ny) = 1)

ing gas mass in the galaxy core (which ultimately produces
the Magorrian et al. [1998] relation between black hole and
bulge mass), and assuming Bondi accretion, with obscuratio
along a sightline through this (spherically symmetric) tas
flow. Such a model gives the observed correlation between
Ny andL, and explains the weak dependence of the column
density-luminosity relation on the ISM gas equation ofestat
The assumptions above give a relationship of the form

() (@) @

wherefy ~ 50 is a dimensionless factor depending on the ra-
diative efficiency, mean molecular weight, density profiled
assumedVgy — o relation; my is the mass of hydrogemR;

the radius of the galaxy core-(100pc); ancc the effective
sound speed in the central regions of the galaxgeds= 1.0
equation of state, with a higher effective temperaturejltes

in a factor of~ 2 larger sound speed in the densest regions of
the galaxy than geos= 0.25 equation of state (Springel ef al.
2005b), explaining the weak trend seen. In any event, the de-

Ny ~ fo

ties, where quasar feedback becomes important driving thependence is small compared to the intrinsic scatter foeeith
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FiG. 3.— The median fitted total (neutral and ionized) columnsitgrNy at each luminosity. in the snapshots from our series of simulations described in
§[. We compare changing concentrations and halo propeviflesedshiftzg, (upper left), gas fraction$gas (upper right), the equation of state paramejgss
(lower left), and virial velocityy;; (lower right). At lower right, simulations witlty;; = 80,113 160,226,320,and 500 km3s! are shown as black asterisks, purple
dots, red diamonds, green triangles, yellow squares, ahdrosses, respectively. Other than a possible weak sétysiti qeos, the column density distribution
as a function of luminosity shows no systematic dependena@ny of the varied simulation parameters.

equation of state in the value bf; at a given luminosity, and

further weakens at high luminosity, so it can be neglected.

What may appear to be a systematic offsellinwith W is
actually just a tendency for larg¥y;, systems to be at higher
luminosities; there is no significant change in the depeoéen
of Ny onL.

We use our large set of simulations to improve our fits (rel-
ative to those of Hopkins et al. 2005d) to tNg distribution
as a function of instantaneous and peak luminosities. lrapki
at individual simulations, there appears to be a “breakhi t
power-law scaling oy with L atL ~ 10*L.,. We find that
the best fit to the median column dendiy is then

054

_ 10728 cm‘z(l_#eak) if L< 101,

Ny = ’ 043 3
10710 cm‘z(lolkL(D ) if L>10"Lc.

pler form forNy(L) as well as our more accurate fit above in
our subsequent analysis, and find that it makes little difiee

to most observable quasar properties. At the highest lusitino
ties, near the peak luminosities of the brightest quashes, t
scatter about these fitted medisip values increases, and as
noted above the impact of the quasar in expelling surrogndin
gas becomes important and column densities vary rapidly. We
consider this “blowout” phase in more detail ill§ 4.

We find that any dependence @f,, (the fitted lognormal
dispersion) orl or Lyeax is not statistically significant, with
approximately constanty,, ~ 0.4 for individual simulations.
We similarly find no systematic dependencerqf on any of
our varied simulation parameters. However, it is important
note that while the dispersion My for an individual simula-
tion is o, ~ 0.4, the dispersion iftNy across all simulations
at a given luminosity is largey 1 dex. Thus, we fit the effec-
tive on,, at a given luminosity for thelistribution of quasars

Either of these two relations provides an acceptable fit toand find it ison, ~ 1.2. Although we have slightly revised

the plotted\y distribution if applied to the entire luminosity
range (/v ~ 2.8, 3.2 for the first and second relations, re-
spectively), but their combination provides a significgubit-

ter fit (x2/v ~ 1.5), although it is clear from the large scatter
in Ny values that any such fit is a rough approximation. De-
spite the complicated form of this equation, it is, in preeti
similar to ouNy o< L33 fit from previous work andiy oc L3
analytical scaling over the range of relevant luminosijtiesg

is more accurate by a facter 2-3 at low (< 10°L) lumi-

nosities. For comparison, however, we do consider this sim-

our fits for greater accuracy at low luminosities, we note tha
this relation is shallower than the relatibly o< L roughly ex-
pected ifMgy is constantl{ « p o< Ny) or L oc Mgy always,
and strongly contrasts with unification models which predic
static obscuration, or evolutionary models in whigh is in-
dependent of. up to some threshold (e.f., Fablan 1999).

2.4. Quasar Lifetimes & Sensitivity to Simulation Parameters

We define the luminosity-dependent quasar lifetitge=
to(Lmin) as the time a quasar has a luminosity above a certain
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FIG. 4.— Integrated intrinsic quasar lifetime above a giveemefice bolo- FiG. 5.— Fits to the quasar lifetime as a function of luminosityni our
metric luminosityto(L), as a function of luminosity for simulations with host  simulations. Upper left shows the intrinsic, bolometricagar lifetimetg
galaxies with total mass (top panéllys = 0.5-2.0 x 10'2Mg, and simula- of a set of simulations with peak within a factor of 2 of 160 Lo, in the
tions with final black hole masses (bottom pardf),, = 0.5-2.0 x 18 M, manner of FigurEl4. The black histogram shows the geometanof these
) imil K luminosi 102 ThH imulati lifetimes, and the black histogram in the lower left shows differential
(i.e. similar peak luminosityl pea ~ ©). The simulations cover & jitetime d /dlogL from this geometric mean. The black thick line in the

range in equation of state parametglos, initial disk gas fractionfgas upper left and red line in the lower left show the best-fit toaualytical form,
galaxy redshift (for scaling of halo propertieg)s, and virial velocities dt /dlogL =t5 exp(—L/Lé). Upper right shows the fittetg and resulting

Viir = 113-160kms?. The black line in both cases is for a merger in-  orrors in each peak luminosity (final black hole mass) irterand the best-
volving Milky Way-like galaxy models, which we refer to as ASith fit power-law toté(Lpead) (red line). Lower right shows the fitted, and

- _ _ - <1
fgas=1, Geos = 1, Zga1 = 0, andWyir = 160km ™. resulting errors in each peak luminosity (final black holesg)anterval, and
the best-fit propor’cionalith(*2 o< Lpeak (red line).

reference luminositymiy; i.e. the total time the quasar shines
atL > Lmin. For ease of comparison across frequencies, we
measure the lifetime in terms of the bolometric luminosity,
L, rather than e.g. the B-band luminosity. Knowing the dis-
tribution of column densitiedly as a function of luminosity
and system properties (seE8l2.3), we can then analytically o
numerically calculate the distribution of observed lifie¢is at
any frequency if we know this intrinsic lifetime. Below 1
Myr, our estimates ofg become uncertain owing to the ef-
fects of quasar variability and our inability to resolve tbeal

peak luminosity is a better variable to use in describing the
lifetime than the host galaxy mass. The lack of any system-
atic dependence of either the quasar lifetimeNa(L, Lpeay

on host galaxy properties implies that our earlier resiHtsp-

kins et al. 2005a-d) are reliable and can be applied to a wide
range of host galaxy properties, redshifts, and luminesiti
although we refine and expand the various fits of these works
and their applications herein. Furthermore, the largetescat
small-scale physics of the ISM, butthis s Significantlyen 1% asar correlation function a5 a funcion of lminoaty
than even the most rapid timescaleslO Myr of substantial 6 cannot associate a single quasar luminosity with hésts o
quasar evolution. a given mass (see Lidz et al. 2005).

As before, we use our diverse sample of simulations to test Although the truncated power-laws we have previously fit-
for systematic effects in our parameterization of the quasa ;o toto using only the A-series simulatioris (Hopkins ét al.

Iif?time. Filgur_e{] $hovysfthebqur?sar Iifetifm(_e asl a_functic.)r;] of 5a0Bh) provide acceptable fits to all our runs, we use our new,
re G_Irentcet ?mlrlmsnymm or bot 18123|S|t 0 S|£jnu_at!|()ni_W|tl larger set of simulations to improve the accuracy of the fits
similar total galaxy massVlga ~ o, and simiarfinal - anq average over peculiarities of individual simulatiogis;

black hole mass (i.e. similar peak quasar luminosig,, ~ ing a more robust prediction of the lifetime as a functionof i
10°M,,. In each case, the simulations cover a rangg:i, stantaneous and peak luminosity. For a given peak luminosit
fyas Zgal, aNdWyir. Lpeak We consider simulations with dryeaxwithin a factor of

As Figure[3 demonstrates, at a givielga, there is a wide 2, and take the geometric mean of their lifetintg@.) (we ig-
range of lifetimes, with a systematic dependence on severahore any points whergy < 1 Myr, as our calculated lifetimes
quantities. For example, for fixedya, a lowergeos means are uncertain below this limit). We can then differentidtis t
that the gas is less pressurized and more easily collapses toumer_ically to obtaintj/d logL (theti_me spentin a}given log-
h|gh density’ resumng in |argd¢|éH and |0nger lifetimes at arithmic _Iumlnosny lnterv_al), and_ fit some fUI_’]CtIOI’]S to bot
higher luminosities. Similarly, highefas provides more fuel ~ curves simultaneously. Figul® 5 illustrates this and sttbers
for black hole growth at fixetg,. However, for a givevy,,, :e(sl_u)lt:n%f g]lg g.tlzf'gge-n\{‘.’; ‘;'.][‘(g.tmhgt bgrg t[‘g'rgteggﬁ.et?egh?
the lifetimetg as a function oL, is similar across simula- Qn ox onentiall ial lifetime tfdlog welth y
tions and shows no systematic dependence on any of the var? P '
ied parameters. We find this for all final black hole masses dt/dlogL =t§ explL/Lgl, (4)
in our simulations, in the rang®l,, ~ 10° -10°M,. We _ .
have further tested this as a function of resolution, coimgar ~ where bottts andLg are functions oMg,,; or Lpear The best-
with alternate realizations of our fiducial A3 simulationtvi  fit such d/dlogL is shown in the figure as a solid line for sim-
up to 1.28 t|mefs as many particles, and find similar results aSuIation_s WithLPeak.N 10'°L., and agrees well Wit.h both the
a function ofMg,,. numerical derivative tfdlogL (lower left, black histogram)

From Figurd 4, it is clear that the final black hole mass or and the geometric meag(L) (upper left, black histogram).
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This of course implies . No Bulges Bulges
Lpea 1000 P00, ' Mgy(ty) = 10° Mg iw%rw}%& Mgy(to) = 10° Mg |
U=t [ et idiogl, 5) %
L \&4
but we are primarily interested irt (HlogL in our subsequent o e oo
analysis. o 1 M °
Although our fitted lifetime involves an exponential, it is S 100}
in no way similar to the exponential light curve of con- ol A 1 & 1
stant Eddington-ratio black hole growth or the model in,e.g tooo e Monlt) =10 Mg Lo Mo = 107 M |
Haiman & Loeb [(1998), which givetddlogL =constant- TR
ts < té 10 7@—0 Prediction = % H Prediction *ﬂmﬁh
Our functional form also has the advantage that, although it ol ——Smuaton ¥ [ smuaton
should formally be truncated wittt g logL = 0 for L > Lpea W0 00 aoh 100 10 a0 00 a0t 10
the values in this regime fall off so quickly that we can safel o Belemene uminosty (J

use the above fit for all largke. Similarly, atL < 107 Lpeak thFltG- t?t — Zf@diqtedlqtuasar Ii_fttre]tim% as't?] furg%tiflm of IUEiQQ;ﬁWO?We_? t|0
sk H H _ at optained In simulations with ana without bulges an irerent initial
C.It/d |OgL falls below the CO”St"?‘ .tO WhICh this .equa seed black hole masses. All simulations shown in this pleirtially iden-
tion asymptotes. Furthermore, in this regime, the fits aboverica) to our fiducial A3 (Milky Way-like) case, but with or wibut an initial
begin to differ significantly from those obtained by fitting stellar bulge and with an initial seed black hole mass addabeDiamonds
e.g. truncated power-laws or Schechter functions. HoweverShO\{]V the FlJf?dCithed quasdaftlifet!m@a ? funftiﬁior;_tof tﬂe peakéll{Jamigosity of
these luminosities are well below those we generally camsid 29" Simuated quasar, Ceierminec from e 1S SNOWN ITEIguLrosses
. L . . show the lifetime determined directly in the simulations.
and well below the luminosities where the contribution of a Y
quasar with somépeaxis significant to the observed quanti-
ties we predict. Moreover, this turndown (i.e. the lowetueal
predicted by an exponential as opposed to a power-law or
Schechter function at low luminosities) is at least in part a

artifact of the finite simulation duration. The values here a . L .
also significantly more uncertain, as by these low relatore a (Springel et al. 2005b), primarily affecting the strengtitie

cretion rates, the system is likely to be accreting in some [0 STONg accretion phase associated with initial passagieof t

efficiency, ADAF state (e.g. Narayan & Yi 1995), which we Merging galaxies (e.g. Mihos & Hernquist 1994). Likewise,
do not implement directly in our simulations. Rather than in tr]lfe seed rglassk (r)]f lthe s!r;]]ulatlol? black lholes coulq”have an
troduce additional uncertainties into our modeling whesyth ~ €fféct, as black holes with smaller initial masses will gpen

do not affect our predictions, we adopt these exponential fit MOre time growing to large sizes, and more massive black
which are accurate &> 1041073 Lyeq However, for pur- holes may be able to shut down early phases of accretion in

poses where the faint-end behavior of the quasar lifetime jsmergers in minor “blowout” events. In FigUr® 6, we show var-

important, such as predicting the value and evolution of the loUS tests to examine the robustness of our fitted quasar life
faint-end quasar luminosity function slope with redshat, UMes to these variations. We have re-run our fiducial Milky
more detailed examination of the lifetime at low luminaesiti Way-like A3 simulation both with (right panels) and without

and relaxation of quasars after the “blowout” phase is neces (I€ft panels) initial stellar bulges in the merging galaxénd
sary, and we consider these issues separataly in Hopkifis et aV27ing the initial black hole seed masses from 400" Mo,
(2005h ’ ' In each case we compare the lifetitigedetermined directly
We also note that in_ Hopkins etlal. (2005c) we considered from the simulations (crosses) to that predicted from oer fit
several extreme limits to our modeling, neglecting all time 2P0ve (diamonds), based only on the peak luminosity (final
before the final merger and applying an ADAF correction at Plack hole mass) of the simulated quasar. Again, we find that
low accretion rates (taken into account a posteriori byaksc varying these simulation parameters can have a signifiéant e
fect on the final black hole mass, but that the quasar lifetime

ing the radiative efficiency, with accretion rate, given the functi ¢ K IUMinosity i bust ity inde
assumption that such low accretion rates do not have a larg&S & 'unction of péax juminosity IS a robust quantity, Inaepe
dent of initial black hole mass or the presence or absence of a

dynamical effect on the system regardless of radiative effi- ;
ciency), and found that this does not change our results — thé®!!9€ in the quasar host. -
lifetime at low luminosities may be slightly altered but the _ W& can integrate the total radiative output of our model
key qualitative point, that the quasar lifetime increaséh w quasars, L
decreasing luminosity, is robust against a wide range afdim E_ = "eakL dt dloal (8)
designed to decrease the lifetime at low luminosities. 4= J. “dlogL o

Figure[® further shows the fitteth (upper right) and.g ) ) )
(lower right) as a function of peak quasar luminosity forfeac - @nd using our fitted formulae arighin < L5 we find
Lpeak We find thatLg, the luminosity above which the life- ‘o oL
time rapidly decreases, is proportionali@a Erad = Lotg loge(1—e " e). (9)

The presence or absence of a stellar bulge in the progen-
itors can have a significant impact on the quasar light curve

L(*? = o Lpeak (6) KnowingEag= erMéch, we can compare the final black hole
with a best fit coefficienty, = 0.20 (solid line). The weak mass as a function of peak luminosity to what we would ex-
dependence df; on Lpeakis well-described by a power-law,  pect if the peak luminosity were the Eddington luminosity of

Lo o0 a black hole with masMgqq, Ledd = erMEddC?/ts, Wherets is
to= t(20) (ﬁ) , @) the Salpeter time fos, = 0.1. EquatingE,aq = erMéch with
© the value calculated in Equatibh 9, and using the definition o
with t0 = 1.37 x 10°yr andat =-0.11 the Eddington mass &t= Lpeakand our fittedL§ = ai Lpeak
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we obtain quasar lifetimes as a function of the observed luminosity in
f N terval. Figurdl’ shows an example of such a result, using the

Mgy (Lpeay) _ aL(tg) loge~ 1.24f (10)  determination of the luminosity function below in(¥1.2, at

Medd(Lpeay) ts ’ redshiftz=0.5. We consider several bolometric luminosities

~ 3 011 o spanning the luminosity function from 1610*L,, and for

where fr = (Lpeay/10"3L,)** for the power-law fit tots,. each, the distribution of sources (peak luminosities), ted
For our calculations explicitly involving black hole masg corresponding distribution of quasar lifetimes. We shothbo
adopt this conversion unless otherwise noted, as we have pefe distribution of integrated quasar lifetimes(left panel)
formed our primary calculation (i.e. calculat®fpeay) in and the distribution of differential quasar lifetimety’dlogL
terms of peak luminosity. Moreover, although this agrees we (right panel). The evolution with redshift is weak, with the
with the black hole masses in our simulations as a function of |jfatime increasing by~ 1.5-2 at a given luminosity a= 2.
peak luminosity (as it must if the fitted quasar lifetimes are Tnhere is furthermore an ambiguity of a facter2, as some
accurate), this allows us to smoothly interpolate to thévhig - of the quasars observed at a given luminosity will only be en-
est black hole masses-(a few x 10° ~10'°My), which are. tering a peak quasar phase, whereas the lifetimes shown are
of particular interest in examining the black hole popwlati  yegrated over the whole quasar evolution. This predidso
but for which the number of simulations we have with a given quite different from that of the optical quasar phase whieh w
final black hole mass drops rapidly. describe below in Bl4 and in_ Hopkins et 4l_(2005a), as it con-

This gives explicitly the modifications to the black hole - sigers only the intrinsic bolometric luminosity, but our ded-
mass compared to that inferred from the “light bulb” and jhg and the fits provided above for the bolometric lifetimelan
constant Eddington ratio” models which we outline below in - clymn density distributions should enable the predictibn
§[Z3, in which quasars shine at constant luminosity orvollo  these quantities, considering attenuation, in any wavébian
exponential light curves, and for whidfg,, = Meqd(Lpeay/!, either case, it is clear that the lifetime distribution fowker-
wherel, the (constant) Eddington ratio, is generally adopted. luminosity quasars is increasingly more strongly peaket! an
The corrections are small, and therefore most of the blatk ho centered around longer lifetimes, in good agreement with th
mass is accumulated in the bright, near-peak quasar phaséimited observational evidence from e.g. Adelberger & Stei
in good agreement with observational estimates (e.g.afsolt del (2005). This is a consequence of the fact that in our
1982;1Yu & Tremaine 2002); we discuss this in greater de- model quasar lifetimes decrease with increasing lumiposit
tail in 8@ and 6. Furthermore, the increasefpfwith de-  The range spanned in the figure corresponds well to the range
creasinglpeak implies that lower-mass quasars accumulate a of quasar lifetimes implied by the observations above ahd ot
larger fraction of their mass in slower, sub-peak accredibn  ers (e.gl_ Martihi 2004, and references therein).
ter the final merger, while high-mass objects acquire essen-
tially all their mass in the peak quasar phase. This is seen 2.5. Alternative Models of Quasar Evolution
directly in our simulations, and is qualitatively in good-eg-
ment with expectations from simulations and semi-anadytic
models in which theMgy — o relation is set by black hole
feedback in a strong quasar phase. Compared to the assum

tion thatM‘;H = Medd(Lpean), this formula introduces a small

Our modeling reproduces at least the observed hard X-
ray quasar luminosity function by construction, since we us
he observed quasar luminosity functions to determine the

irthrate of quasars of a givepear M(Lpeay, in §[32. Itis
Bl ~peak . . therefore useful to consider in detail the differences in ou
but non-trivial correction in the relic supermassive bladke g psequent predictions between various models for tha@quas
mass function implied by the quasar luminosity function and jitetime and obscuration, in order to determine to what ete
M(Lpeay (see_ §:.B)' I these predictions are implied by any model that succegsfull

The predictions of our model for the quasar lifetime o ces the observed quasar luminosity function, and to
and evolution can be applied to observations which at-\hat extent they are independent of the observed luminosity
tempt to constrain the quasar lifetime from individual g,nctions and instead depend on the model of quasar evolu-
quasars, for example using the proxmyty effect in they‘Ly tion adopted. To this end, we define two models for the quasar
forest [Baitlik, Duncan. & Ostrikerl_1938._Haiman & Cen |itetime, and two models for the distribution of quasar eohu

2002; [Jakobsen etlal_2003; Yu &ILL2005) and multi- oo e :
g . = . ensities, combinations of which have been commonly used
epoch observations_(Martini & Schneider 2003). However, ;"o previous analyses of quasars. y

many observations designed to constrain the quasar life- g the quasar lifetime, we consider the following two
time do so not for individual quasars, but using demo- cases:
graphic or integral arguments based on the population of '
quasars in some luminosity interval (e.g.. Sollan 1982; )
Haehnelf, Natarajan, & Ree5_1098;._Yu & Tremhihe 2002; _ ‘Light-Bulb Model” (e.g., L.Small & Blandford | 1992;
Yu & Lul P00Z: [Porciani, Magliocchetti, & Norberg_2004; Kauffmann & Haehnelt | 2000; L Wyithe & I okb [_2003;
Grazian et dI[ 2004). Our prediction for these observationsaiman. Quataert, & Bower_2004). ~ The simplest possi-
is similar but slightly more complex, as an observed luminos Ple model for the quasar light curve, the “feast or famine
ity function at a given luminosity will consist of sourcestvi ~ Or “light-bulb” model assumes that quasars have only two
different peak luminositiekpeat, but the same instantaneous States, “on” and “off.” Quasars turn “on”, shine at a fixed
luminosity,L. Furthermore, the lifetime being probed may be Polometric luminosityL = Lpeas defined by a “constant
either the integrated quasar lifetime above some lumiposit Eddington ratio (i.e.Lpeak = IM,;H) and constant quasar
threshold or the differential lifetime at a particular luros- lifetime tg  g. Models where quasars live arbitrarily long
ity. with slowly evolving mean volume emissivity or mean light
For a given determination of the quasar luminosity func- curve (e.g. Small & Blandford 1992; Haiman & Meiiou 2000;
tion using our model for quasar lifetimes and some distribu- Kauffmann & Haehnell 2000) are equivalent to the “light
tion of peak luminosities, we can predict the distributidn o bulb” scenario, as they still assume that quasars obsetaed a
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FiG. 7.— Predicted distribution (fractional number density jpgarithmic interval in lifetime) of quasar lifetimes aifférent bolometric luminosities, for the
luminosity function determined in[8 3 at= 0.5. Left panel plots the distribution of integrated lifetistg (time spent over the course of each quasar lifetime
above the given luminosity). Right panel plots the distitiu of differential lifetimes d/dlogL (time spent by each quasar in a logarithmic interval abaait th
given luminosity).

luminosity L radiate at that approximately constant luminos- for Lj < L < L¢. This is true for any exponential light
ity over some universal lifetimi, g at a particular redshift.  curve; i.e. this model includes cases with an exponen-
We adopt = 0.3 andtq g = 10yr, as is commonly assumed tial decline in quasar luminosity),f(t) o« e*/*, such as

in theoretical work and suggested by observations (giventhat of|lHaiman & 1.oeb|(1998), with only the normalization
this prior) (e.g.Yu & Tremairie¢ 2002; Martini 2004; Soltan dt/dlog() =t. In(10) changed, and thus any such model will
1982; L Yu & Lu 12004; | Porciani, Magliocchetti, & Norberg  give identical results with correspondingly different ma-
2004, Grazian et al. 2004), and similar to téolding time izations. As with the “light-bulb” model, we are free to
of a black hole with canonical radiative efficieney= 0.1 choose the characteristic Eddington ratio and correspgndi
(Salneten_1964) or the dynamical time in a typical galactic timescale for this lightcurve, and we addpt 0.3 (i.e.t, ~

disk or central regions of the merger. These choices control10®yr) in general. Again, however, we allow the normaliza-
only the normalization ofi(Lpeay, and therefore do not affect tion to vary freely where it is important, such that these mod
most of our predictions. Where the normalization (i.e. galu els have the best chance to reproduce the observations. For
of the constantg or |) is important, we allow it to vary in  our purposes, models in which this timescale is determined
order to produce the best possible fit to the observations. by e.g. the galaxy dynamical time and thus are somewhat de-
pendent on host galaxy mass or redshift are nearly identical
to this scenario. Further, insofar as the dynamical time in-

- : : _ creases weakly with increasing host galaxy mass (as, &.g. fo
what more physical model of the quasar light curve is ob a spheroid wittMa o Myr Naa%/G,whereais the spheroid

tained by assuming growth at a constant Eddington ra- ) 14

tio, as is commonly adopted in e.g. semi-analytical mod- scale length anMgy oc 0%, such thatgyn ~ a/o ocx o oc M),
els which attempt to reproduce quasar luminosity functions this produces behavior qualitatively opposite to our predi
(e.g. [Kauffmann & Haehnelf_2000;_Wyithe & Tdeb_2003; tions (of increasing lifetime with decreasing instantarelo-
Volonteri et al.[2003). In this model, a black hole accretes minosity), and yields results which are even more discrepan
at a fixed Eddington ratibfrom an initial massv; to a final from our pret_:llct|ons and the observations than the constant
massM; (or equivalently, a final luminosity; = I Leqa(My)), (host-galaxy independent) case.

and then shuts off. This gives exponential mass and luminos-

ity growth, and the time spent in any logarithmic luminosity A wide variety of “light-bulb” or exponential (constant Ed-
bin is constant, dington ratio) models are possible, allowing for differdig-

tributions of typical Eddington ratios and/or quasar lifets
dt/dlog(L) =ts(In(10)/1) (12) (see e.g. Steed & Weinberg 2003 for an extensive comparison

“Exponential (Fixed Eddington Ratio) Model’A some-
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of several classes of such models), but for our purposes they Both of these column density distributions represent phe-

are essentially identical insofar as they do not captureshe
sential qualitative features of our quasar lifetimes, nigrtat

nomenological models with several free parameters, explic
itly chosen to reproduce the observed differences in quasar

the quasar lifetime depends on both instantaneous and peakiminosity functions and column density distributions. -De

luminosities, and increases with decreasing instantankensu
minosity.
We fit both of the simple models above to the observed

spite this, it is not clear that these functional forms repre
the best possible fit to the observations they are designed to
reproduce. Furthermore, comparison of our results in which

quasar luminosity functions in the same manner described incolumn density distributions depend on luminosity and peak
8[3, (i.e. in the same manner as we fit our more complicatedluminosity elucidates the importance of proper modeling of

models of quasar evolution), to determinpeayLs for the
“light-bulb” model andri(Lpeaeqd for the “fixed Eddington

ratio” model (see Equatiois5 ahdl 16, respectively). Thus

all three models of the quasar light curve, the “light-bylb”
“fixed Eddington ratio”, and our luminosity-dependentife
times model produce an essentially identical bolometric lu
minosity function.

We also consider two commonly adopted alternative mod-
els for the column density distribution and quasar obsamat

“Standard  (Luminosity-Independent)  Torus” (e.g.
Antonucdi [1993). This is the canonical obscuration
model, based on observations of local, low-luminosity
Seyfert galaxies (e.gl,_Risalitietidl. _1999). The column
density distribution is derived from the torus geometryeweh
we assume the torus inner radius lies at a distdc&om
the black hole, with a heightlt, and a density distribution
p(0) x exp(y|cod)|), whered is the polar angle and the
torus lies in thed = 0 plane. This results in a column density
as a function of viewing angle of

Nu(0) =Nn o expy| cos|) cos(90-6)
Ry

><\/(HT)Z—se@(QO—G)((E—:)Z—l) (12)

(Treister et al. 2004). Herd\y o is the column density along

a line of sight through the torus in the equatorial plane and
parameterizes the exponential decay of density with vigwin
angle. This is a phenomenological model, and as a result th
parameters are essentially all free. We adopt typical sakue
equatorial column density, o = 10?4cm™, radius-to-height
ratioRr/Hr =1.1, and density profile = 4. This combination

of parameters follows Treister efl al. (2004), and is desidoe

fit the observed X-ray column density distribution and give a
ratio of obscured to unobscured quasar8, similar to the
mean locally observed value (e.g. Risaliti e al. 1999).

“Receding  (Luminosity-Dependent)
Lawrenck | 1991).
fraction of obscured objects depends on luminosity
(Steffen et al. | 2003;|_Ueda etlal. _2003;__Hasihger 2004;
Grimes, Rawlings, & Willott | 2004;| Sazonov & Revnivtsev

Torus” (e.g.

the dependence of column density on quasar evolution.

3. THE QUASAR LUMINOSITY FUNCTION
3.1. The Effect of Luminosity-Dependent Quasar Lifetimes

Given quasar lifetimes as functions of both instantaneous
and peak luminosities, the observed quasar luminosity-func
tion (in the absence of selection effects) is a convolutibn o
the lifetime with the intrinsic distribution of sources Wit
givenLpear If sources of a giveh are created at a ratgL, t)

(per unit comoving volume) at cosmological titpe~ 1/H(2)
and live for some lifetime\tg(L), the total comoving number
density observed will be

th+Ato(L)
An= / AL, t) ot

th
which, for a cosmologically evolving(L,t), can be expanded
aboutri(L,ty), yielding An =nri(L,ty) Atg(L) to first order in
Atg(L)/ty. Considering a complete distribution of sources
with someLpear, We similarly obtain the luminosity function

dd . [dt(L, Lpeay
0= Gt O [ oo Loea 09l pe. (14)

Throughout, we will denote the differential luminosity fun
tion, i.e. the comoving number density of quasars in some log
arithmic luminosity interval, ag = d®/dlogL. Here n(Lpeay

is the comoving humber density of sources created per unit
cosmological time per logarithmic interval lpea at some
redshift, and t/dlogL is the differential quasar lifetime, i.e.

(13)

&he total time that a quasar with a givegakspends in a loga-

rithmic interval in bolometric luminosity. This formulation
implicitly accounts for the “duty cycle” (the fraction of tie
quasars at a given time), which is proportional to the lifieti
at a given luminosity. Corrections to this formula owing to fi
nite lifetimes are of order ¢ddlogL)/ty, which for the lumi-
nosities and redshifts considered here (except for Figilye 1
are never larger than 1/5 and are generallg 1, which
is significantly smaller than the uncertainty in the lumiitys
function itself.

Many observations suggest that the e next consider the implications of our luminosity-

dependent quasar lifetimes for the relation between the ob-
served luminosity function and the distribution of peak lum
nosities (i.e. intrinsic properties of quasar systems)rddi-

2004;Barger et al._200%;_Simpsbn_2005). Therefore, sometional models of quasar lifetimes and light curves, thiatieh

theoretical works have adopted a “receding torus” model,
in which the torus radiu®y (i.e. distance from the quasar)
is allowed to vary with luminosity, but the height and other

is trivial. For example, models in which quasars “turn on” at
fixed luminosity for some fixed lifetime (i.e. the “light-tail
model defined in §£215) imply

parameters remain constant. The torus radius is assumed to

increase with luminosity, enlarging the opening angle and

I’i(l—peak)LB x (L= Lpeak)a (15)

thus the fraction of unobscured quasars. In this case, theznd models in which quasar light curves are a pure exponen-

Rr/Hrt = (L/Lo)°®, whereLg ~ 10'*L, is the luminosity at
which the ratio of obscured to unobscured quasars &: 1

and the power-law slope is chosen to fit the dependence of

obscured fraction on luminosity.

fixed Eddington-ratio models) imply

r1(|-pea1k)Edd o8 (16)

_do
dlog(L) L=Lpeak.
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ey with the observed luminosity function faint-end slope dom-
E inated by sources with peak luminosities near the break in
sub-Eddington (sub-peak luminosity) states. In particuwa
wish to ensure that this behavior foflpeay is real, and not
some artifact of our fitting functions for the quasar lifedim
Figurel® shows the best fi(Leq distribution (solid thick
histogram) fitted to the_Ueda et al. (2003) hard X-ray quasar
luminosity function (solid curve) at redshift= 0.5, as well
as the resulting best-fit luminosity function (solid thirshi
togram). For ease of comparison with other quasar lumi-
nosities, we rescale the luminosity function to the bolomet
ric luminosity using the corrections bf Marconi et al. (2p04

Log( d® /dlogL ) [Mpc™®]

12 13 We determinei(L,ea) by logarithmically binning the range of
Lpeas and considering for each bin all simulations Witk
Fic. 8.— We reproduce (thin histogram) the luminosity functioh in the given range. For each bin, then, we take the average
Ueda et 2l.[(2003) at redshift= 0.5 (thin curve) using the binned differ- binned time the simulations spend in each Iuminosity inter-

10 11
Log( Bolometric Luminosity / Le)

ential quasar lifetime tgddlogL directly from our simulations and a fitted e
distribution of peak luminositiesi(Lpeay (thick histogram). For each bin in val, and take that to be the quasar “fetlm¢(u09l" We then

log(Lpear), We average the binned differential lifetime of a set ofsiations fit to the observed luminosity function bf Ueda et al. (2003),
with peak luminosity in the bin. This clearly demonstratas key qualitative fitting

result, that the faint end of the luminosity function is mguced by quasars

with peakluminosity around the break luminosity but observed pritpan X At(L, Lpeaki

sub-Eddington states (luminosities< Lpeay), is not an artifact of our fitting ¢(|—) ~ Z ni(l—peaki) M (17)
formulae or extrapolation to extreme luminosities. i A |Og L

and allowingrii(Lpeaki) to be a free coefficient for each binned
Lpeak= Lpeaki. Despite our large number of simulations, the

These both have essentiaifienticalshape to the observed lu- humerical binning process makes this result noisy, esfpecia
minosity function, qualitatively different from our modete- at the extreme gnds of the Iumlno_sny_ function. _quever, the
diction thatri(Lpea Should turn over at luminosities approx- relevant result is clear — the qualitative behaviomfpeay
imately below the break in the observed luminosity function described above is unchanged. For further discussion of the
(see, e.g. Fig. 1 of Hopkins et al. 2005e). The luminosity- qualitative differences between thiglpea distribution from
dependent quasar lifetimes determined from our simulation different quasar models, and the robust nature of our inter-
imply a new interpretation of the luminosity function, with Pretation even under restrictive assumptions (e.qg. igidtie
N(Lpea) tracing the bright end of the luminosity function sim-  early phases of merger activity or applying various modas f
ilar to traditional models, but then peaking and turningrove radiative efficiency as a function of accretion rate), weref
below Lpeak ~ Lbreak the break luminosity in standard dou- tolHopkins et al.[(2005c).
ble power-law luminaosity functions. In our deconvolutioh o S ) ) )
the luminosity function, the faint end corresponds prityari 3.2. The Luminosity Function at.D|fferent Frequencies and
to sources in sub-Eddington phases transitioning into 6r ou Redshifts
of the phase(s) of peak quasar activity. There is also some Given a distribution of peak luminositie¥Lpeay, We can
contribution to the faint-end lifetime from quasars ado@t  use our model of quasar lifetimes and the column density dis-
efficiently (i.e. growing exponentially at high Eddingt@tio) tribution as a function of instantaneous and peak luminosi-
early in their activity and on their way to becoming brighter ties to predict the luminosity function at any frequencyorfr
sources, but this becomes an increasingly small fraction ofa distribution ofNy values and some a priori known mini-
the lifetime at lower luminosities. For example, in Figure mum observed |uminosity§i“, the fractionfy,s of quasars
7 of Hopkins et al. (2005b), direct calculation of the quasar with a peak luminositypeakand instantaneous bolometric lu-
lifetime shows that sub-Eddington phases begin to dominateminosity L which lie above the luminosity threshold is given
the lifetime forL < 0.1Lpea With 2 90% of the lifetime at by the fraction ofNy values below a criticaNJ®, where
L ~ 1073Lpeax corresponding to sub-Eddington growth. By L™=, exp o, NJ®). Here,f,(L) =L, /L is a bolometric
definition, a “fixed Eddington ratio” or “light bulb” model is  correction andr,, is the cross-section at frequeneyThus,
dominated at all luminosities by a fixed, usually large, Ed-
dington ratio. Even models which assume an exponential de- N, L, L[Pi” = i In ( f'/(L)L)’ (18)

oy

cline in the quasar luminosity from some peak, although they Lmin

clearly must spend a significant amount of time at low Ed- T

dington ratios, have an identicalLpeas) = N(Lpeadesa (MOC- and for the lognormal distribution above, 7

ulo an arbitrary normalization), and predict far less tinte a i _ 1 log (N'*/Nn)

most observableX 10 Lpeay low luminosities and accretion fobs(, L, Lpeak L") = 5 {1+ erf( V2on )} - (19
H

rates (because the accretion rates fall off so rapidly) the _ . o o
population at any observed luminosity is still dominated by This results in a luminosity function (in terms of the boldme

objects near their peak. ric luminosity)
From our new, large set of simulations, we test this model
of the relationship between the distribution of peak quasar P(v, L, LMy :/ fobs(%/; L, Lpeak L™")
minosities and observed luminosity functions, namely @dr a
sertion thati(Lpea) Should peak around the observed break dt(L, Lpean

in the luminosity function, and turn over below this peak, x dlog(L) M(Lpeay d10g(Lpead, (20)
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where ¢(v,L,L™") is the number density of sources with evolution (PPLE) model, for which

bolometric luminosityL per logarithmic interval irL, with -0 - -

an observed luminosity at frequeneyabovel . L. L* expl T)’_ i, = constant U* constani (22)
Based on the direct fit for(Lpeay in Figure[®, we wish ~ wherer is the fractional lookback timer(= Ho J, dt) and

to consider a functional form fai(Lpeay wWith a well-defined k. is a dimensionless constant fitted with, n,, o.. Itis

peak and falloff in either direction in lobgeay. Therefore, important to distinguish this from “standard” pure luminos
we takeri(Lyeay to be a lognormal distribution, with ity evolution (PLE) models (e.d., Boyle et .al.. 1988), as with
1 1 /10g(Lpear/Li)\ 2 ri(Lpea@ > 0 andL. =.L*(z) always, the densn_y of sources,
M(Lpeay) = Ny ——= exp{—— (ﬁ) } (21) especially as a function of observed luminosity at some fre-
0.V 2 2 O« guency, evolves in a non-trivial manner.

Here,n, is the total number of quasars being created or acti- We do not find significant improvement in the fits if we ad-
vated per unit comoving volume per unit tinle; is the center  ditionally allowri, or o, to evolve with redshiftAx? ~ 1-2,
ofthe lognormal, the characteristic peak luminosity ofsara depending on the adopted form for the evolution), and there-
being born (i.e. the peak luminosity at whidfLpeay itself fore consider only the simplest parameterization abovegEq
peaks), which is directly related to the break luminositthie tion[22). We also find acceptable fits for a pure density evo-
observed luminosity function; ang, is the width of the log-  lution model, withL, =constant and, =i exp ky 7) (both
normal inri(Lpear, and determines the slope of the bright end keepingo, fixed and allowing it to evolve as well). However,
of the luminosity function. Since our model predicts that th the fits are somewhat poorex%/v ~ 1), and the resulting
bright end of the luminosity function is made up primarily of parameters over-produce the present-day density of logsma
sources at high Eddington ratio near their peak luminoisity, ~ supermassive black holes and the intensity of the X-ray-back
essentially identical to “light-bulb” or “fixed Eddingtoatio” ground by an order of magnitude, so we do not consider them
models, the bright-end slope is a fitted quantity, deterchine ~ further. In either case, there is a considerable degenémcy
whatever physical processes regulate the bright-end sibpe tween the parametess andL.., where a decreaseln can be

the active black hole mass function (possibly feedback from compensated by a corresponding increase.inThis degen-
outflows or threshold cooling processes, e.g. Wyithe & Loeb eracy is present because, as indicated above, the obsarved |
2003; Scannapieco & Oh 2004; Dekel & Birnboim 2004), un- minosity function only weakly constrains the faint-endpsto
like the faint-end slope which is a consequence of the quasaof ri(Lyeay).

lifetime itself, and is only weakly dependent on the underly ~ The observations shown are insufficient at high redshift to

ing faint-end active black hole masstift_peay distribution. strongly resolve the “turnover” in the total comoving quasa
We note that although this choice of fitting function has ap- density az ~ 2-3, and thus we acknowledge that there must

propriate general qualities, it is ultimately somewhattaaby, be corrections to this fitted evolution at higher redshiftjeh

and we choose it primarily for its simplicity and its capgdd we address below. However, as we primarily consider low

match the data with a minimum of free parameters. We couldredshifts,z < 3, and show that the supermassive black hole
instead, for example, have chosen a double power-law formpopulation and X-ray background are dominated by quasars
with f(Lpear) = M/ [(Lpeak/L+) " + (Lpear/L+)"2] @andy1 < o, at redshifts for which ouri(Lyeay distribution is well deter-

but given that the entire faint end of the luminosity funotio mined, this is not a significant source of error in most of our
is dominated by objects withpeax~ L., the observed lumi-  calculations even if we extrapolate our evolutiorzts- 3.

nosity function has essentially no power to constrain tim fa Figure[® shows the resulting best-fit PPLE luminosity
end slopey;, other than setting an upper limjg < 0. The functions from the best-fiti(Lpeay distribution, for red-
“true” n(Lpeay Will, of course, be a complicated function of = shifts z=0-3. This has the best-fitxf/v = 0.67) values
both halo merger rates at a given redshift and the distobuti  (logL,, k., logri,, o,) = (9.94, 5.61, -6.29, 0.91) with corre-

of host galaxy properties including, but not necessarity-li  sponding errors (@9,0.28,0.13 0.09). Here,L, is in so-

ited to, masses, concentrations, and gas fractions. lar luminosities andri, in comoving Mpc®Myr™.  Fit-
Having chosen a form fori(Lpeay, we can then fit to  ting to the hard X-ray data alone gives a similar fi,
an observed luminosity function to determing, (L., o). with the slightly different values (log. k., logn,, o.) =

We take advantage of the capability of our model to pre- (9.54,4.90, -5.86, 1.03)+ (0.66,0.43,0.37,0.13),x?/v=0.7
dict the luminosity function at multiple frequencies, arwhe (note the degeneracy betwelenando, in the two fits). Our
sider both fits to just the_Ueda et al. (2003) hard X-ray (2- pest-fit value ok_ = 5.6 compares favorably to the value6

10 keV) luminosity functiongyx, and fits to the Ueda etlal.  found by e.g. Boyle et al. (2000) and Croom et al. (2004) for
(2003), [ Miyaji et al. 2001) soft X-ray (0.5-2 keWpsx), the evolution of the break luminosity in the observed lunsino

and[Croom et al[(2004) optical B-band (4400 &) lumi- ity function, demonstrating that the break luminosity &sic
nosity functionssimultaneously These observations agree thepeakin theri(Lpeay distribution at all redshifts. These fits
with other, more recent determinations ofix, ¢sx, ¢s and the errors were obtained by least-squares minimization

(e.g.|Barger et al. 200%; Hasinger, Miyail, & Schrnidt 2005; over all data points (comparing each to the predicted curve a
Richards et al. 2005, respectively) at most luminosities] a its redshift and luminosity), assuming the functional fom
therefore we do not expect revisions to the observed lumi-have adopted fori(Lpea).
nosity functions to dramatically change our results. Ineord The agreement we obtain at all redshifts, in each of the hard
to avoid numerical artifacts from fitting to extrapolatealyt X-ray (black solid line), soft X-ray (red dashed line), and B
luminosity slopes in the analytical forms of these lumitypsi  band (dark blue dotted line) is good. This is not at all guaran
functions, we directly fit to the binned luminosity function teed by our procedure, as the fit is highly over-constraibed,
data. Thus, we fit each luminosity function in all redshift in cause we fit three luminosity functions each at five redstufts
tervals for which we have binned data. only four free parameters. Of course, the choice of the func-
We find good fits {?/v = 68.8/104~ 0.66) to all lumi- tional form forri(Lpeay €nsures that we should be able to re-
nosity functions at all redshifts with a pure peak-lumitypsi produce at least one luminosity function and its evolutag(



16 Hopkins et al.

'
oo

z<0.2

N
\
Hard X-ray (Ueda 2003) +
— — — — Soft X-ray (Miyaji 2001) \
- B-Band (Croom 2004) N
Broad-line X-ray (Barger 2005)

\
\

iy
o
T

02<2<04 04<2<0.8 +

iy
N

9 10 11 12 13 14 15 9 10 11 12 13 14 15 9 10 11 12 13 14 15

Log( d® / dlogL ) [Mpc?]

08<z<16 N0 ] 16<z<30

-12[, ‘ ‘ ‘ ‘ ‘ AN ‘ ‘ ‘ ‘ R
11 12 13 14 15 16 11 12 13 14 15 16

Log( Bolometric Luminosity / L)

FiG. 9.— Best-fit luminosity function from the pure peak-lumsity evolutionri(Lpeay distribution, for redshifte = 0—3. From our fitted lognormai(Lpear
distribution, we simultaneously reproduce the luminositigction in the hard X-ray (2-10 keV; solid black line), softray (0.5-2 keV; dashed red line), and
optical B-band (4400 A; dotted blue line) at all redshiftsofdover, we reproduce the distribution of broad-line qumsahard X-ray selected samples (cyan
dot-dashed line), as described ifl§ 4. All quantities hawembrescaled to bolometric luminosities for ease of compariasing the corrections bf Marconi et al.
(2004), with the plotted error bars representing both gqliobeasurement errors and the estimated errors in the baloretrections. The observations are
from[Mivaji_ef all [20011) (soft X-ray; red squares),_ Uedale2003) (hard X-ray; black circles),_ Croom ei &l._(2004}§8nd, blue diamonds), ahd Barger €t al.
(2005) (X-ray selected broad-line quasars; cyan crosses).

the hard X-ray luminosity function, which is least affectsd
attenuation), but our modeling of the column density diskri
tions in mergers allows us to simultaneously reproduceathe |
minosity functions in different wavebands without impagin
assumptions about obscured fractions or sources of attenua
tion. Expressed as bolometric luminosity functiogs, ¢sx,
and ¢yx would be identical in the absence of obscuration,
similar to the predictedyx as obscuration is minimal in the
hard X-ray.

For redshiftsz < 1, we reproduce in our Figufell0, Fig. 2

Log( d® / dlogL ) [Mpc?]
o o ~ (2] [4,] H~O © ~ o (4] B

of IHopkins et al. [(2005d), which shows in detail the agree- 2210
ment between hard X-ray_(Ueda el al. 2003), soft X-ray R— PR VTR 5 "
(MiyajiLet all 2000), and optical (Boyle etlal. 2000) lumiros Log( Bolometric Luminosity / Lo)

ity functions resulting from the time and luminosity depen-
dent column density distributions derived from the simula- Fic. 10.—Hard X-ray (thick), soft X-ray (thin), and B-band (ettaish) LFs
tions. The differential extinction predicted for diffetefine- determined from our model of quasar lifetimes and columrsiiies, based

. : i n a distribution of intrinsic source properties fitted te ttbserved hard X-
quencies (and magn_'tUdef “m'ts)_ of O_bserved_ samp_les base(&ay LF and the limiting magnitudes of observed samples,edtliffierent red-
on the column density distributions in our simulations ac- shitts shown. All quantities are rescaled to bolometricihagities with the
counts for the different shape of the luminosity function in bolometric corrections ¢f Marconi eflal_ {2004). Symbolewtihe observed
each band, and the evolution of the luminosity function with LFS for _hardl X'faysd‘»uega efldl. 2003, diamonds), soft x"((*s"g?’a-";tfa"
re_ds_hift _iS driven b_y a changinig,, the pe_ak of thffi(Lpeak) Ei?)(gjl)(’irfgaer:gzafsi)éoéz)?id)?- an(d_(Boyle etlal. 2000, crossespr&iuced from
distribution (Equatioli22). We emphasize that in our anal-
ysis, the key quantity constrained by observations is the fit
ted ri(Lpeay distribution with redshift. All other quantities ) ) )
and distributions are derived from the basic input physics o the ISM, which are themselves constrained by observations
our simulations, with no further assumptions or adjustable and theory as discussed ifil§ 2 and in Di Matteo et al. (2005).

factors in our modeling beyond the prescription for Bondi Ve can, of course, fit the previously defined simpler model

(Eddington-limited) accretion and 5% energy depositionin ~ Of quasar lifetimes, either a “light-bulb” or exponentigt
curve/fixed Eddington ratio model, and obtain an identi-
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cal hard X-ray luminosity function. We determine these to X-ray flux ratio,aox, fromiVignali et al. (2003), but our re-
fits (see also Equatiof 115 &16) and use them through-sults are relatively insensitive to the different valuesrfd in
out when we compare the predictions of such models (de-the literature. It is important to account for this deperagn
scribed in 8[ZB) to those of our simulated quasar life- as it creates a significant difference in the high-luminossitd
times in our subsequent analysis. Applying a standard torusof the bolometric quasar luminosity function and impliestth
model to any model of the luminosity function reproduces, a non-negligible fraction of the brightest quasars are eehs
by design, the mean offset between the B-band and hard X-in optical surveys (see the discussior_in Marconi &t al. 2004
ray luminosity functions, as the parameters of this modelRichards et al. 2005).

are tunedto reproduce this offset. As many observations Finally, our fitted form for the evolution of the break lu-
show, the fraction of broad-line quasars increases with-lum minosity, with L, o« expk_7), cannot continue to arbitrar-
nosity (Steffen et al. 2003; Ueda ei al. 2003; Hasinger 2004;ily high redshift. At redshiftez > 2-3, this asymptotes be-
Sazonov & Revnivtsev _2004; Barger el al. 2005; Simpson causer — 1, whereas the observed quasar population declines
2005), and so reproducing the relationship between B-bandabovez ~ 2. This difference is not important for most of our
and hard X-ray luminosity functions requires adding param- calculated observables, as they are either independeigttof h
eters to the standard torus model which allow luminosity- redshift evolution or evolve with cosmic time in some fashio
dependent scalings, i.e. the class of “receding torus” isode asoc [ ri(Lpeay dt, with little time and thus negligible contri-
These, again by construction, reproduce the distinction be butions to integrated totals at high redshifts. Howevemeo
tween hard X-ray and B-band quasar luminosity functions, quantities, in particular the high-mass end of the blaclehol
including the dependence of this difference on luminosity. mass function (se€® 6), which is dominated by the small num-
These are, however, phenomenological models designed tder of the brightest quasars at high redshifts, can recarige|

fit these observations. Our simulations, on the other hand relative contributions from these terms. Therefore, itipor-
provide a self-consistent description of the column dgnsit tant in estimating these quantities to be aware of the tlenov
which predicts thaifferencesbetween hard X-ray, soft X- in the quasar density at high redshifts.

ray, and optical luminosity functions without the additioh We quantify this in FigurEZl1, where we show the predicted
tunable parameters or model features designed to reproducbroad-line luminosity function (where the broad-line phas
these observations. is determined below in El6) in six luminosity intervals from

Our fits are accurate down to low luminosities, as is clear z ~ 1.2-4.8. The intervals are those of the COMBO-
from our prediction for the X-ray luminosity function at loel 17 luminosity function froml Wolf et al. | (2003), but we
metric luminositied. ~ 10°L,. Furthermore, we have calcu- further compare to the observed luminosity functions of
lated the predicted < 0.1 luminosity function in the B-band Warren et al. {(1994), Schmidt, Schneider, & Gurin_(1995),
as well as in Kk emission, using the conversion between the IKennefick, Diorgovski, & De Carvalho | (1995), _Fan et al.
two from|Hao et al. [(2005) and comparing directly to their (2001), and Richards etlal. (2005) at the appropriate (¢abel
luminosity functions for Seyfert galaxies and low-lumiitps  redshifts. At each redshit> 2, we take the fittedi(Lpeay)
active galactic nuclei (AGN) (both type | and 1l), and find distribution above (EquatiofisidT.122) and rescale it agogrd
that our distributiorri(Lpea) @and model for quasar lifetimes to an exponential cutoff: either pure density evolution D
and obscuration reproduces the complete observed lurtynosi ri(Lpea) — M(Lpea x 107272 or pure peak luminosity
function down to a B-band luminositylg ~ —16. Although evolution (PPLE)L, — L, x 107**(#2)_Fitting to the data
our prediction falls below the observed Seyfert luminosity givesappg ~ 0.65 andappig ~ 0.55, (x?/v =~ 1.3 for both)
function at fainter magnitudes, there is no reason to believ in reasonable agreement with the density evolution of e.g.
that mergers should be responsible for all nuclear actatity Fan et al. (2001). We note that this evolution, extrapolased
these luminosities (and indeed alternative fueling meismas far asz ~ 6, is consistent also with the constraints or 6
for such faint objects likely exist) - it is surprising, inda  quasars frorh Fan etlal_(2003), especially in the PPLE case.
th_atthis pictu_r_e reproduces the observed AGN activity tthsu In each panel, we plot the resulting broad-line luminos-
faint luminosities. ity function (see €M), for both the minimum and maximum

Using the bolometric corrections bf Elvis ef dl. (1994) in- redshift of the redshift bin, and both the PPLE (solid lines)
stead of Marconi et all (2004) results in a significantlysé#e  and PDE (dashed lines) cases. The degeneracy between these
cutoff in the luminosity function at high bolometric lumisie  possibilities is well-known, as current observations da no
ties, as the bolometric luminosity inferred for the brigitt@b-  resolve the break in the luminosity function. Furthermore,
served X-ray quasars is almost an order of magnitude smallethe predicted luminosity function should be considered un-
using the Elvis et all (1994) corrections. However, thisds b certain especially at low luminosities, as the quasaritifet
cause the_Elvis et all (1994) bolometric corrections do not at these luminosities and redshifts can become comparble t
account for any dependence on luminosity, and further thethe age of the Universe, at which point our formalism for the
quasars in the sample of Elvis et al. (1994) are X-ray bright juminosity function as a function af(Lpeay becomes inac-
(Elvis et al 2002), whereas it has been well-establishatl th curate. However, we are able to make testable predictions,
the ratio of bolometric luminosity to hard or soft X-ray lumi  based on differences between the two models in integrated
nosity increases with increasing luminosity (€.g., Wilkesl. galaxyproperties (for example, color-magnitude diagrams of
1994; [Green et al._199%; Vignali etlal. 2003; Strateva et al. red sequence galaxies at low masses or the fraction of kgcent
200%). Recent comparisons between large samples of quasarfgrmed spheroids as a function of mass and redshift), which
selected by both optical and X-ray surveys (Risaliti & Elvis distinguish the PPLE and PDE models for the evolution of the
2005) further suggests that this is an intrinsic correfatio quasar luminosity function at> 2-3 (Hopkins et al_2005e).
not driven by e.g. the dependence of obscuration on lumi-Owing to these degeneracies and the poor constraints on the
nosity. For a direct comparison of the bolometric luminos- observed high-redshift luminosity functions, we have rt-c

ity functions resulting from the two corrections, we refer t  sidered them (those at> 3) in our fits tori(Lpead, but use
Hopkins et al.|(2005d). Our analysis uses the form for the UV
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FIG. 11.— Running our predicted broad-line luminosity funoti@etermined in §314) to high redshifts, with either totahsity (dashed lines) or break

luminosity (L«; solid lines) decreasing exponentially with redshift abav= 2.
redshift of the corresponding interval from the COMBO-1inosity function

vations shown are: RO5[=Richards et &[_(2005), WHO - Wartet 61994), FO1 LFanefal (2001), SSG-

Kennefick. Djoraovski. & De Carvalhd (1995).

them here to roughly constrain the turnover in the quasar den
sity abovez ~ 2 (i.e. fitting toappe andapp g). Which form of

the turnover we use makes little difference in our subsequen
analysis, but, as discussed above, includiometurnover is
important in calculating select quantities such as thecexér
high-mass end of the black hole mass function.

3.3. The Observed NDistribution

Given the column density distributions and quasar life-
times calculated from our simulations ifil 2, and the qugantit
N(Lpeay) determined above (&3.2), we can predict the distri-

bution of column densities observed in a given sample. This

will depend not only on the range of observed luminosities
and the redshift of the sample, but also on the minimum ob-
served magnitude and frequency (i.e. the selection fumgtio
of the sample.
of the luminosity function, for example the hard X-ray lu-
minosity function, at least tty ~ 10°° cm™?, we can inte-
grate theNy(L, Lpeay distribution over thai(Lpeay distribu-
tion (weighted by the lifetime dt).

Figure[I2 plots the resulting distribution of column densi-
ties for this analysis. The left panel reproduces and expand
upon a portion of Fig. 3 af Hopkins etlal. (2005b), showing
the distribution of column densities (scaled linearly) ested
from the characteristic quasérgeak~ L. of the luminosity
function observed in optical samples, based on the sinllate
column density distributions as a function of luminositydan
peak luminosity (solid black line). Specifically, we ploeth

For a nearly complete sample or estimate

In each panel, our prediction is shown for the minimum arakimum
ol Wolf et &l.[(2003) (WO03; black square)ther references for the obser-
Schmidt,_Schnefi€unn [1995), KDC -

distribution of neutraNy, values requiring that the observed
B-band luminosity be above some reference vakigin. The
smooth curve shown is the best-fit to tRg-y distribution

of bright SDSS quasars with < 2.2, from |[Hopkins et &l.
(2004). The curve has been rescaled in terms of the col-
umn density (inverting our gas-to-dust prescription) alod-p

ted about a peak (mod@jy, (undetermined in Hopkins et
al. 2004) ofNy; ~ 0.5 x 10**cm™. The observationally im-
plied Eg-y distribution is determined from fitting to the dis-
tribution of photometric reddening in all SDSS bands (i.e.
using the five-band photometry as a proxy for spectral fit-
ting) in Sloan quasars, relative to the modal quasar colors a
each redshift, for quasars with an absolute magnitude limit
M; < —22. Thei-band absolute magnitude limit imposed in
the observed samplbl; < —22, corresponds approximately to
our plotted B-band limit.g ops > 10 L. This estimate does
not account for bright but strongly reddened quasars having
their colors altered to the point where color selectioneerit
ria of quasar surveys will not include them. However, this
effect would only serve to bring our distribution into bette
agreement with observations, as it would slightly lower the
high-Ny, tail. We also consider the predictions of a standard
torus model and receding (luminosity-dependent) torusehod
in the figure (dashed and dotted lines, respectively). These
should not be taken literally in this case — they reflect that
these phenomenological models do not predict the distribu-
tion of low/moderate column densities, but rather assurat th
all lines of sight not intersecting the torus are “unobsdyire
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FiG. 12.— Left panel: Distribution of column densities expecfeom the characteristic quasdrgeax~ L« 0f the luminosity function observed in optical
samples, for a standard torus model of quasar obscuratashéd), a receding torus model (dotted), and the distoibsitof column densities as a function
of instantaneous and peak luminosity in our simulationdiqsoThe distribution of neutraNy; values is obtained requiring an observed B-band luminosity
> 10" L. The smooth red curve is the best-fit to ey distribution of bright SDSS quasars with 2.2, from[Hopkins et al.[{2004), rescaled to column
densities and plotted about a peak (mdsg) (undetermined in Hopkins et al. 2004)f;; ~ 0.5 x 10?1cm 2. Thei-band absolute magnitude limit imposed in
the observed sampld}; < —22, corresponds approximately to our plotted B-band Ilrgigns > 10 L. Reproduced frof HopKins efldl_(20D5b). Right panel:
Integrated distribution of total (neutral and ionized)wuh densities expected for a complete hard X-ray samplm fr@ column densities of our simulations
and theri(Lpeay distribution. The distribution below 2§ cm™ is shown (dot-dashed line) and re-plotted as a single bisat 10?° cm™ for our modeled
columns. Data shown are the result$_of Treisterlef al. [2(tld¢ squares) arid Mainieri eil €l. (2D05) (red circles)hwissumed Poisson errors. Solid squares
assume an intrinsic photon indéx= 1.9, for the soft X-ray quasar spectrum, open squéresl.?.

and encounter some constant, small column density (usuallysically bright periods extinguished by larger column densi
chosen to b&ly ~ 10?°cm™). ties (broadening the distribution to largsly values) and in-
The right panel o112 shows the integrated distribution (in trinsically faint periods with small column densities (hth
logNy) for a complete hard X-ray sample, both as predicted ening the distribution to smalleXy values). The distribu-
from our simulations based on the joint distribution of col- tion as a function of reference luminosity is a natural cense
umn density, luminosity, and peak luminosity (solid), and f quence of the dynamics of the quasar activity. Throughout
both the standard torus model (dashed) and receding torusnuch of the duration of bright quasar activity, column den-
model (dotted) described i[&82.5. The data shown are the resities rise to high levels as a result of the same process that
sults ol Treister et all (2004) (blue squares)land Mainiegile = feeds accretion, producing the well-known reddened popu-
(2005) (red circles), with assumed Poisson errors, frontimul  lation of quasars (e.q. Webster etlal. 1995; Brothertonlet al
bandChandraandHST observations of GOODS fields. The [2001;|Francis et al. 2001; Richards etlal. 2001; Gregglet al.
solid squares are obtained by assuming an intrinsic phatoni 12002;White et Il 2003; Richards et Al. 2003), extending to
dex for the soft X-ray quasar spectrumIof 1.9, the open  bright quasars strongly reddened by laNg. Furthermore,
squares assuming= 1.7. For the sake of direct comparison a significant number of quasars are extinguished from dptica
with observed distributions, objects witly < 10?* cm, for samples or attenuated to lower luminosities, giving risthé&o
which only an upper limit to the column density would be distinction between luminosity functions in the hard Xsray
determined in X-ray observations, are grouped together andsoft X-ray, and optical.
plotted as a single bin &ty = 10?° cm™. The actual distri- The standard torus model described i 2.5, although un-
bution below 18' cm™ is shown as a dot-dashed line. We able to predict the distribution of column densities seempin
note that our model of the quasar spectrum assumes a phototically, relatively unobscured quasars, does a fair jokepfo-
indexI" = 1.9 in the soft X-ray, but this has no effect on the ducing the observed distribution of X-ray column densities
column densities calculated from the surrounding gas in our The parameters of the model are, of course, chosen to repro-
simulations. duce the data shown (the model parameters are taken from
The agreement between the observed column density disHreister et al. 2004). Nevertheless, our prediction isastiet-
tribution and the result of our simulations once the same se-ter fit to the observed distribution, witf? /v ~ 2 as opposed
lection effect is applied supports our model for quasar evo-to y?/v ~ 7 (although the absolute values depend on the es-
lution, and the good agreement extends to both optical andimated systematic errors in the column density estima)ion
X-ray samples. Probing to fainter luminosities or frequen- The receding torus model fares even more poorly in reproduc-
cies less affected by attenuation broadens the column dening the observed column density distributions, and is roled
sity distribution, as is seen from the inferred column den- at high significancey?/v ~ 10), although this can be allevi-
sity distributions in the X-ray. This broadening occurs be- ated if the observed samples are assumed to be incomplete
cause, at lower luminosities, observers will see bothnntri  aboveNy ~ 1073cm™. This disagreement results because, in
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order to match the observed scaling of broad-line fractithw  producing a more traditional small torus in a quiescent nu-
luminosity (see EM4 below), this model assumes a larger eover cleus. The central pointis that regardless of the form ofobs
ing fraction for the torus at lower luminosities, normatize a ration, the typical magnitude of the obscuration is a sthpng
similar obscured fraction as the standard torus model heart evolving function of time, luminosity, and host system prop
break in the observed quasar luminosity function. However, erties, and the observed column density distributionsaefle
since quasars with luminosities below the break dominate th this evolution.

total number counts, this predicts that the cumulativeroolu

density distribution must be significantly more dominatgd b 4. BROAD-LINE QUASARS

objects with large covering angles, giving a larger Compton 4.1. Determining the Broad-Line Phase

thick population, inconsistent with the actual observeld co ) ) ) )

umn density distribution. Optical samples typically identify quasars through thelr
Although we do not see a significant fraction of extremely OrS, relying on the characteristic non-stellar power-lam-c

Compton-thick column densitiésy > 10?5cm2 in the dis- tinua of such objects. However, observations of X-ray se-

tributions from our simulations, our model does not rule out lécted AGN show a large population of so-called Type 2
such values. It is possible that bright quasars in unusuallyAGN, most of which have Seyfert-like luminosities and typ-
massive galaxies or quasars in higher-redshift, compéatga ~ical spectra in X-rays and wavelengths longward qfml
ies which we have not simulated may, during peak accre-(€-9-.Elvis et al. 1994), but are optically obscured to thiep
tion periods, reach such values in their typical column den- Where no broad lines are visible. Their optical continua,
sities. Moreover, as our model assurme80% of the mass of ~ In other words, resemble those of typical galaxies and thus
the densest gas is clumped into cold-phase molecular cloudsthey are not identified by conventional color selection tech
a small fraction of sightlines will pass through such clouds niques in optical quasar surveys. Traditional unificatiaydm
and measure column densities similar to those shown for the!s (Antonucei 1993) have postulated a static torus as the ex
“cold phase gas” in, e.g. Figure 2 lof Hopkins et Al._(2005a), Planation for the existence of the Type 2 population, with
Ny > 10°5-26cmr2. such objects viewed through the dusty torus and thus op-
Furthermore, we have not determined the “shape” at anyt|caIIy obscured. Moreover, both synthesis models of the
instant of the obscuration (e.g. the dependence of obscuraX-ray background (Setti & Woltj=r 1939; Madau eflal. 1994,
tion on radial direction), as in practice, for most of the mos Comastriet 8ll_1995; Gillietal. 1998, 2001) and recent di-
strongly obscured phases in peak merger activity, the aentr €Ct observations in large surveys (€.g., Zakamska et @£,20
regions of the merging galaxies are highly chaotic. Gener-2005) indicate the existence of a population of Type 2 quasar
ally, the scale of the obscuration in the peak merger phasedVith similar obscuration but intrinsic (unobscured) quasa
is ~ 100pc, quite different than that implied by most tra- like luminosities. , . _
ditional molecular torus models, but we note that our res- __Observations of both radio-loud (Hill, Goodrich. & DelPoy
olution limits, ~ 20pc in the dense central regions of the 1996;.Simpson. Rawlings, & Lacy 1999; Willott et al. 2000;
merger, prevent our ruling out collapse of gas in the centralSimpson & Rawlings | 2000; |_Grimes, Rawlings. & Wil ott
regions into a smaller but more dense torus. However, sev-zoo‘}) and radio-quiel (Steffen ef ‘_al_ 2003; Ueda &t al. 2003;
eral efforts to model traditional tori through radiativansfer ~ Hasingerl 2004; _Sazonov & Revnivtsev _2004; Barger et al.
simulations (e.g[._Granato & DanHse 1994; Schartmann et al2005; LSimpsari_2005) quasars, however, have shown that
2005) suggest significant column densities produced oescal the broad-line fraction increases with luminosity, with
of ~ 100-200 pc, comparable to our predictions, and we note broad-line objects representing a large fraction of all AGN
that only the solid angle covered by a torus, not the abso-at luminosities above the “break” in the luminosity functio
lute torus scale, is constrained in the typical phenomegiolo a@nd rapidly falling off at luminosities below the break.
cal torus model (e.@. Anfonutci 1993). Modifications to the standard torus unification model ex-
Whether the obscuration of bright quasars originates onPlain_this via a luminosity-dependent inner torus radius
larger scales than is generally assumed is observationallyflbawrencs 1991), but this represents a tunable modification
testable, either through direct probes of polarized scat-t0 @ purely phenomenological model. Furthermore, as the
tered light tracing the obscuring/reflecting structureg(e. Observations have improved, it has become clear that even
Zakamska et al_20D5), or through correlations between ob-these luminosity-dependent torus models cannot produce
scuration and e.g. host galaxy morphologies and inclinatio acceptable fits to the broad line fraction as a function of
(e.g.[Donley et 4[_2005). These larger scales typical ef th luminosity (e.g...Simpsoh 2005). However, we have shown
central regions of a galaxy are widely accepted as the sofiles @Pove that the obscuring column, even at a given luminosity,
obscuration in starbursting systems (e.g. Soifer etal4adg S an evolutionary effect, dominated by different stages of
Sanders et al. 1986, 1988a,b; for a review, see e.g. Soifer e§as inflow in different merging systems giving rise to vagyin
al. 1987), which in our modeling is associated with rapid ob- typical column densities, rather than a single static stmec
scured quasar growth and precedes the quasar phase. Thué,is of interest, then, to calculate when quasars will be
it is natural to associate obscuration with these largeesgal ~ observed as broad-line objects, and to compare this with
any picture which associates starbursts and rapid blagk hol 0bservations of broad line quasars and their population as a
growth or quasar activity, as opposed to the smaller scaleunction of luminosity. o )
~ pc implied by torus models primarily developed to repro- . Figure[IB shows the B-band luminosity as a function of
duce observations of quiescent, low-luminosity Type Il AGN time for both the quasars and host galaxies in three rep-
which are usually not directly associated with merger agtiv =~ 'ésentative simulations: the A2, A3, and A5 cases de-
These low-luminosity AGN are in a relaxed state, suggestingScribed in detail in §211. These simulations each have
the possibility that the remaining cold gas in the central re  fgas = 1.0, Ogos = 1.0, zga = 0, with virial velocitiesW;r =
gions of our merger remnants will collapse once the violent 113 160and 320kms, with resulting final black hole
effects of the merger and bright quasar phase have passednassesméH =3x 10, 3x 1%, and 2x 10°M,,, respec-
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FiG. 13.— Intrinsic (right panels) and median attenuated flefiels) B-band luminosity of the quasar (thick line) andtlgagaxy (integrated over all stars,
thin line; ignoring bulge stars, dotted line) as a functidrtime. Results are shown from three representative simoulst A2, A3, and A5 (see EZ.1) with
Oeos = 1.0, Zgq = 0, and virial velocities/;; = 113 160, and 320 kms'. Each quasar should be observable as a broad-line AGN eBso 2 Le, host Colors
show the stellar light curve with different gas fractiofias= 1.0 (black), fgas= 0.4 (blue), andfgas= 0.2 (red); quasar light curves are similar for each gas
fraction.

tively. The thick line in each case shows the quasar B- tively drive gas into the central regions and maintain higk g
band luminosity, and the thin line shows the integrated B- densities for longer periods of time, as the deeper potfentia
band luminosity of all stars in the galaxy. New stars are well or lack of gas pressure requires more heat input from the
formed self-consistently in the simulations accordinglte t  quasar before the gas can be expelled. These conditions will
ISM gas properties, equation of state and star formationanod generally produce a quasar with a larger peak luminosity (fi-
described irn_Springel & Hernguist (2003), with the age and nal black hole mass), but also form more new stars, meaning
metallicity taken from the local star-forming ISM gas, wihic  that the B-band relation between host and quasar luminosity
is enriched by supernova feedback from previous star forma-is roughly preserved.
tion. We then use the stellar population synthesis model of However, the the black hole consumes only a small fraction
Bruzual & Charlat (2003) to determine the B-band luminos- of the available gas (comparison of e.g. the stellar mass and
ity (the B-band mass-to-light ratio) of new stars based @n th black hole mass suggests the black hole consum@4% of
stellar age and metallicity. The dotted line shows the tesul the gas mass), and so, at least above some thregfagf¢0.1,
neglecting bulge particles, which must be initialized a& th the quasar peak luminosity does not significantly depend on
beginning of the simulation with random or uniform ages and the galaxy gas fraction (see, e.g. Figure 2 of Robertson et
metallicities instead of those quantities being deterohsaif- al. 2005b). But, the mass of new stars forntding the
consistently from the simulation physics. The right panels merger does strongly depend on the available gas. For exam-
plot the intrinsic values of these quantities, and the laftgls ple, simulations which are otherwise identical but havedhi
plot the median observed values of these quantities, where w fyas= 0.2, 0.4, 0.8, 1.0 (i.e. an increasing fraction of the ini-
have used our method for determining column densities andtial disk mass in gas instead of stars) produce similar peak
dust attenuation (E.2) to every star and bulge particle for quasar luminosity and final total stellar mass (witkir80%
each line of sight. of one another), reflecting the conversion of most gas into
Unfortunately, the host galaxy luminosity domst scale stars and the fact that the peak quasar luminosity is deter-
with instantaneous and peak quasar luminosity as do, for ex-mined more by the depth of the potential well than the total
ample, the quasar lifetime and obscuration. Rather, there a available gas supply. But, the massnafwstars formed in a
important systematic dependencies, the largest of whitteis  merger scales roughly &8, newx fgas(as it must if the initial
dependence on host galaxy gas fraction. If the host galaxiegyas fraction does not change the final total stellar mass), an
are more massive, more concentrated, or have a weaker ISMince young stellar populations dominate the observedrgtba
equation of state pressurization, then they will more effec luminosity (especially during the peak merger and statburs
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fraction at fixed final total stellar mas4, , giving L¥'/Lo ~
Cgal(M../Mp) fgas Wherecga is a correction of order unity
which we can fit from the simulations (essentially a mean
mass-to-light ratio for the newly formed stars). The boléme
ric correction of the quasar is usually defined§f = cgLa™,

and the quasar peak luminosityligeak= CL LEdd(MéH), where
againc_ is a correction factor of order unity which we can cal-
culate from our form for the quasar lifetime (see Equdfidn 10
or measure in the simulations.

If we require that the quasar B-band luminosity be larger
than a factorfg of the host galaxy B-band luminosity, we
obtain

' 10G30( L?if /L:k) 2 1 0 ng?/l-@ > fgLCs Cga|(M*/M®) fgaS‘ (23)

FiG. 14.— Ratio of observed (attenuated) B-band quasar luritynimshost Dividing this through byLea, We have
galaxy luminosity as a function of the ratio of instantareta peak quasar P

bolometric luminosity. Results are from simulations A2atk diamonds), qso f a a
A3 (blue circles), and A5 (reet’'s) (the same simulations shown in Fig[iré 13) Lol > 0.4 fyasfaL (Cgal) ( Cs ) (MBH/M* ) ( CL )
T~ VY gas I .

log,o LE* /L")

with geos= 1.0, z5e = 0, and virial velocities/r = 113 160, and 320kmst. Lpeak 1.0/\120 0.001 1.24

Each panel shows the same simulations except for a differitial gas frac- P (24)

tion fgas= 0.2, 0.4, 0.8, 1.0 as labeled. Solid lines are the predictions of . . . . .

EquatiorZb. We can test this scaling relation against the results ofiowr s
ulations, and do so in Figufell4. Rearranging the equations
above gives

gso quo
phases associated with the bright quasar phase of interest) B~ 34f Lo
.. . gal gasL
this implies roughly thakg o fgas Lg peak

We demonstrate this explicitly in Figut€l13, where we show 1, cs \-1/,ME /M c
in each panel the host galaxy and stellar B-band light curves X (%) (TBO) (%) (1—;4), (25)
for otherwise identical simulations with different gasdra : ’ : :
ti?f{‘ﬁ’ fgas = 0.2 (trﬁd) 0.4 (b||lﬂe%t and 10 (blackl). _(;” i'acrll( which we can compare to our direct calculationL§f°/L%"
of these cases, the quasar light curve is nearly identical (w gso ; :
show only thefqas= 1.0 quasar lightcurve, for clarity, but the aNdLyg/Lpeakfor each simulation snapshot.

h it 30% of th h ? Ultimately, we are not interested so much in the intrinsic
others are within~ 30% of the curve shown at most times,  g_pang Juminosity of the quasar and host galaxy, but rather
with no systematic offset).

. . o the observed luminosities; i.e. we are interested in thie rat
In order for a quasar to be classified as a “broad-line” ob-

S0 al  _ S0 al

ject, the optical spectrum must be visible and identified as Le. Obs/I;% obs (I;g /I.‘g ) (exp{~(70 ~76)}), Whererq and
such in the observed sample. This is clearly related to tie ra  7c &re “effective” optical depths which we use to denote the
of quasar to host galaxy luminosity, but the threshold fasel ~ Mean attenuation of quasar and host galaxy B-band luminosi-
sification is not obvious. In an X-ray or IR-selected sample, {i€S, respectively. We have considered the distributiocobt
optical follow-up should be able to disentangle host galaxy Umn densities attenuating the quasar as a function of itestan
light and identify quasar broad-line spectra with fluxes@ fa N€0US and peak quasar luminosity in detail [L3 2.3 above; the
tor of several fainter than the host. However, automated op-2tténuation of the host galaxy as a function of luminosiby, o
tical selection based on color or morphological criterigti ~ S€ved band, halo mass, and star formation rate are discusse
well exclude objects unless the quasar luminosity is a facto N detail inLlonsson et&l. (ZCO?)' Combining these fits gives
of several greater than that of the host galaxy. Therefoeeet  roughly, (exgd—~(1q—7c)}) ~ (Mgy;/10°M)**°, but a better
is significant systematic uncertainty in the theoreticdirde ~ approximation can be determined directly from the simula-
tion of a broad-line quasar. To first order, based on the abovellons. ) )
arguments, we can classify “broad-line quasars” as objects ~ This scaling can be understood roughly using toy models
which the quasar optical luminosity is larger than some mul- of uniformly mixed luminous sources within the galaxy de-
tiple fz, of the host galaxy optical luminosity. Because the scribed by Jonsson etial. (2005), after accounting for tbe fa
relevant ratio is different depending on the survey andcsele that the luminosity (star formation rate) dependent partid
tion techniques, we consider the ranfgg = 0.3- 3, with a the attenuation scales with luminosity in a similar manner
rough medianfg, = 1. Furthermore, because our simulations to our quasar attenuation (compare agrx Ny oc Lgss >
do not allow us to model the broad-line regions of the quasarto their 7¢ < Lg®,). The key consequence of this is that
or spectral line structures as influenced by e.g. reddemidg a more massive systems (higher bulge and black hole masses)
dust absorption, we adopt the B-band luminosity of the quasa have their host galaxy light proportionally more attendate
and host galaxy as a proxy for optical luminosity and more in mergers, meaning that (as suggested by the comparison of
complex (but often quite sample-specific) color and morpho- |ight curves in Figuré€3) the quasar is more likely to be ob-
logical selection criteria. ~ served with an optical luminosity larger than that of itsthos

In Figure[IB, the B-band host galaxy luminosity is quite  Figure[T& plots the ratio of the observed (attenuated) B-
flat as a function of time, relative to the qguasar B-band lumi- band quasar |uminosity to the observed host ga|axy B-band
nosity, and is roughly given blyga'/LQ ~ M. new/Mg, Where luminosity as a function of the ratio of instantaneous tokpea
M. new is the mass of new stars formed in the merger. As quasar bolometric luminosity. We show the results for four
noted above, this scales approximately linearly withahigias different gas fractionggas= 0.2, 0.4, 0.8, 1.0 as labeled. For
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each gas fraction, we consider our simulations A2 (black dia associated with the final “blowout” stages of quasar evolu-
monds), A3 (blue circles), and A5 (reds) (the same simula-  tion, when the mass of the quasar reaches that correspond-
tions shown in FigurEZ13) witbeos= 1.0, Zga = 0, and virial ing to its location on thégy — o relation and gas is expelled
velocitiesVyir = 113 160and 320km’$, using the labeled ini-  from the central regions of the galaxy, shutting down adenet

tial gas fraction. The colored lines in each panel show tke pr  (DiMatteo et all 2005). We note that combining the equation
dictions of combining the scalings expected for the intdns  above with our fitted quasar lifetimes gives an integrateeti

luminosities (Equatiol25) and attenuations as abovengivi  When the quasar would be observable as a broad line object
 aso § 02 of tg. ~ 10—20Myr, in good agreement with the optically
B.obs_ 5 g 1 ( Mgy ) 2 L (26) observable bright quasar lifetimes we calculate directiyrf

Lga' ' ?as 18Mg Lpeak our quasar light curves, including the effects of atteromgti
, obs X 1L i e . L

_ _ and with empirical estimates of the quasar lifetime whiah ar
where the colored lines each use Mi§, andfgasof the simu-  based directly on optically-selected, broad-line quasan-s
lation of the corresponding color and panel. This scalira pr  ples.
vides a good estimate of the observed optical quasar-txgal The M,,/10’M)®2 term in the above equation reflects

*S @ good estin . : BH © . OVe €q

luminosity ratio, including the complicated effects ofeaitt e fact that, below a certain peak luminosity, quasarsese |
uation, evolving mass-to-light ratios, metallicities,daimost likely to reach luminosities above that of the host galasy, a

galaxy properties, as a function of gas fraction, final black can'be seen in the uppermost panels of Fi§iite 13 for a final
hole mass, and the ratio of the current to peak quasar Ium|—bIaCk hole mass d¥l’.. = 3x 107 — i.e. the smallest AGN are

; . BH = .e.
nosity. Although, for clarity, we have not shown a range of proportionally less optically luminous than their hostsist

simulations varying other parameters, we find that thisisgal 405"t imply that such systems are not inherently broad-
is robust to the large number of quantities we have considere line objects, but only that the host galaxy light will incsea

In ourf3|mglat|0ns — there are syster_naUc offsets in Epfgak ingly dominate at lower luminosities. We also caution agtin
andMg,, with changes such as e.g. different ISM equations of extrapolating this to large or smaMéH, as the attenuation

state, but the scaling in terms bfeakandMg,, is unchanged.  becomes more difficult to predict at these peak luminosities
Because the ratio of observed quasar and host galaxy Band the linear formula above is not always accurate (see Fig-
band luminosities in our simulations obeys the scaling of ure[T3).
EquatiorlZb, we can use it to predict the properties of “broad  We can use this estimate of the broad-line phase and our
line” quasars, defined by, > fg L% Todo so, how-  model of the quasar lifetime to calculate the total energy
ever, we must assume a typical host galaxy gas fraction. Un-radiated in this bright, optically observable stage foltgv
fortunately, because our empirical modeling in terms of the the calculation of £214, but with a minimum luminosity de-
quasar lifetime as a function &f andLpeax does not have a  termined by Equatiol27. This gives an integrated fraction
systematic dependence on host galaxy gas fraction (Seb, § 2.4~ 0.3-0.4 (~ exp{=0.2 fg, (fgas/0.3)/cu }) Of the total radi-
we have no constraint on this parameter. It is, however, con-ant energy emitted during the broad-line phase. Thus, téespi
venient for several reasons to considgi= 0.3 as a typical  the short duration of this optical quasar stage, a largeifrac
value for bright quasars. of the total radiated energy is emitted (as it representéithe
First, such a gas fraction is capable of yielding the brighte nal e-folding in the growth of the black hole) when most of
observed quasars; second, scaling a Milky-Way like diskwit the final black hole mass (&2.4) is accumulated. Account-
the observed = 0 gas fraction~ 0.1 to the redshifts of peak  ing for the luminosity dependence of our bolometric correc-
quasar activity gives a similar gas fraction (€.g., Spriegall  tions (with the optical fraction of the quasar energy insrea
2005h); third, gas fractiong 30% in major mergers are ing with bolometric luminosity) as well as the small fractio
needed to explain the observed fundamental plane (Robertof objects observable at lower luminosities (with larges-ty
son et al. 2005c, in preparation), kinematic propertiesx(Co ical obscuring column densities) increases this fractias
et al. 2005c, in preparation), and central phase space denmuch as~ 0.6-0.7 for bright quasars. Therefore, despite
sities (Hernquist, Spergel & Heyl 1993) of elliptical galax the fact that theduration of the optically observable broad-
ies; fourth, this choice implies that the brightest quasatis ~ line quasar phase may be1/10 that of the obscured quasar
Mgy, ~ 10°My, attain observed B-band luminosities1000 growth phase, the changing quasar luminosity over thiogeri
times that of their hosts at their peaks, as is observed, (e.g.2d non-trivial quasar lifetime as a function of luminosity
McLure & Dunlop[2004). Finally, and most important, the Plies only small corrections to counting arguments such as
assumedgasand fg. are degenerate in our predictions for the that of.Soltani(1962), which rely on the total observed agtic
broad-line population, as they both enter linearly in the ra auasar flux density to estimate the relic supermassive black

tio of host galaxy to quasar B-band luminosity. Therefore, NOl€ density.
the range offg. = 0.3-3 which we consider (for a fixed me- ) ) ] o
dian fgas= 0.3) can be equivalently considered, for a fixed —4-2: The Broad-Line Fraction as a Function of Luminosity
medianfg_ = 1, to represent a theoretical uncertainty in the By estimating the time that a quasar with sommga will
host galaxy gas fractionfgas= 0.1-0.9; i.e. spanning the  be observable as a broad-line quasar at a given luminosity, w
range from present, relatively gas-poor Milky-Way likeldis  can then calculate the broad-line quasar luminosity foncti
to almost completely gaseous disks. This, then, gives for ou in the same fashion as the complete quasar luminosity func-
“broad-line” criterion, tion in §[32. Instead of the full quasar lifetime/dlogL,
f 0.2 we consider only the time during which broad-lines would be
L o faL\ / fgas Mgy . ,
2 0.2 (—) (—) ( 7 ) . (27) observed (i.e. that the quasar spectrum would be recognized
Lpeak 107303/ 110'Mg as opposed to the host galaxy spectrum), as identified in our
The “broad-line” phase is thus, as is clear from Fidure 13 simulations (§£411).
and implicit in our definition of the broad-line phase, cliyse For a sample selected in hard X-rays (i.e. the selection-func
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tion only being relevant at column densitigsl0?* cmi?), we
show the resulting “broad-line” luminosity function in Fig
uref® (cyan dot-dashed lines), and compare it to the braed-li
quasar luminosity function identified in the hard X-ray lumi
nosity function of Barger et al. (2005). The agreement isgoo
at all luminosities, and our model explains both the fact tha
broad-line quasars dominate the luminosity function atilum
nosities well above the “break” in the luminosity functiamd
the downturn in the broad-line quasar population at luniinos
ties below the peak. Essentially, the broad-line quasaunlpep
tion more closely traces the shape of tifeyeay) distribution,

Hopkins et al.

fractions of quasar host galaxies and the evolution of thase
fractions with redshift.

By dividing out the predicted luminosity functiafx, we
can estimate the fraction of “broad line” objects observed i
reasonably complete X-ray samples as a function of luminos-
ity. This is shown in FigurEZ6, where for ease of comparison
we have shown the broad-line fraction as a function of hard
X-ray (2-10 keV) luminosity. Our prediction, based on de-
termining the time a quasar with a given luminosityand
peak luminosityl peax in our simulations will be observable
with a B-band luminosity greater than a fractidg = 1.0

giving rise to the observed behavior as a dual consequencef the host galaxy observed B-band luminosity, is shown as

of luminosity-dependent quasar lifetimes and the evofhitio
ary nature of quasar obscuration in our simulations.

the thick black line. This is compared to the observations
of Ueda et al. [(2003) (squares),_Hasinger (2004) (circles),

Figure [I5 compares our theoretical predictions to thelGrimes, Rawlings, & Willoktl(2004) (triangles), ahd Simpso

2dF-SDSS (2SLAQ) g-band luminosity function of broad-

(2005) (diamonds). The data fram Hasinger (2004) has been

line quasars from_Richards et al. (2005) (black squares), asscaled from soft X-ray (0.5-2 keV) using our bolometric

well as the B-band luminosity function from_Croom et al.
(2004) (green circles), at several redshifts fram 0.3 -

corrections, and the data from_Grimes, Rawlings, & Willott
(2004) and_Simpsomn (2005) have been converted fromi [O

2, over which range the surveys are expected to be relajuminosity as in_Simpsor (2005) using the mean correction

tively complete (for broad-line quasars).

line luminosity function, but compares well with previous
determinations by, e.g., Bovle ef al. (1888), Koo & Kron
(1988), | Marano, Zamorani, & Zitellli | (1988), _Boyle ei al.
(1990),/ Boyle, Jones, & Shanks (1991), Zitelli et al. (1992)

The 2dF-SDSS for Seyfert galaxies (Mulchaey efial. 1994)o; = 0.015x
result is the most recent determination of the broad-

Lo-10kev-

We also plot as upper and lower dashed lines the results
of changingfg,, the fraction of the host galaxy B-band lu-
minosity above which the quasar B-band luminosity must be
observed for identification as a “broad-line” object, colesi

Bovyle et al. (2000), and_Croom etial. (2004). Open squaresing fg. = 0.3, and 3, respectively. We determine this for the
correspond to bins in luminosity which have been correctedlow-redshiftz < 0.3 quasar distribution, from which most of

for incompleteness following Page & Cartera (2000), bug thi
correction is uncertain as the bins are not uniformly sachple
We compare this at each redshift to the prediction of oundete
mination of the quasar “broad-line” phase, where we estmat

the data are drawn. The red dot-dashed line shows the differ-
ence at high redshift, if jus> 1 quasars are considered (for
fsL = 1). The broad-line fraction is systematically lower, pri-
marily because the break luminosity in the luminosity func-

that the quasar is observable as a broad line object when itgsion moves to higher luminosity with redshift, meaning that

observed B-band luminosity is greater than a fadgpr= 1 of
that of the host galaxy. We calculate this for both the mini-

a fixed luminosity below the break, a smaller fraction of ob-
served objects are at~ Lpeaxin the “blowout” phase of peak

mum and maximum observed redshift of each bin to show theoptical quasar luminosity. Finally, the dotted line showws t

range owing to evolution of the luminosity function over kbac
interval in redshift. The systematic uncertainty in ourdgice

results assuming a “light bulb” model for the broad-line pda
(but still using oumi(Lyeay distribution, otherwise this trans-

tion can be estimated from the dotted lines, which show thelates to a constant obscured fraction with luminaosity)-life

prediction (at the mean redshift of the bin) if we instead re-

times, with a fixed broad-line lifetime & = 20 Myr.

quire the observed quasar B-band luminosity to be above a The prediction of the most basic torus model, with con-
factor of 0.3 (upper lines) or 3 (lower lines) of the observed stant broad-line fractionv 0.36, is ruled out to high sig-
host galaxy B-band luminosity, which as discussed [0% 4.1 nificance (?/v = 185, 17.2 if we consider all data points,

can alternatively be considered an uncertainty in hostxgala
gas fraction, withfgas= 0.1 andfyas= 0.9, respectively.

or if we consider only the most well-constrained data, from
Simpson [2005], respectively). Furthermore, the solidncya

The agreement at all luminosities and redshifts shown isline shows the best-fit luminosity-dependent torus modkel, i

encouraging, given the simplicity of our determinationtod t
broad-line phase from the simulations, but the systematic u
certainties are large, emphasizing the importance of Glcu
ing detailed selection effects in contrasting e.g. “brting”

which the broad line fraction is given by (elg., Simgison 1998
Grimes, Rawlings, & Willoit 2004)

f=1-1/y/1+3L/Lo,

(28)

samples from optical and X-ray surveys, as opposed to assumwherel is the luminosity where the number of broad line ob-

ing a constant obscured fraction at a given luminosity basedjects is equal to the number of non-broad line objects. This fi

on the ratio of luminosity functions as has been adopted inis at best marginally acceptable over a narrow range in lumi-
previous phenomenological models. The difference betweemosities 2/ = 14.0, 7.3). Modified luminosity-dependent,

different choices offy,s is suppressed at the high luminos-
ity (and correspondingly high redshift) end of the lumirgsi
function, because the quasar-to-galaxy B-band luminoaity
tio scales asx (M,,)%?; i.e. regardless of the choice &4,
quasars increasingly overwhelm their host galaxy in layge s
tems near their peak luminosity. However, at low lumingsity
the predictions rapidly diverge, implying that a measuneime
of the faint end of the broad-line quasar luminosity funetio
with a reliable calibration ofg, , can constrain the typical gas

receding torus models have been proposed which give a better
fit to the data by, for example, allowing the torus height tyva
with luminosity (e.g.l.Simpsdn 2005), but there is no phakic
motivation for these changes, and they introduce such-varia
tion through additional free parameters that allow a curfve o
essentially arbitrary slope to be fitted to the data.

However, the prediction of our model agrees reasonably
well (x?/v = 4.0, 1.2) with the observations over the entire
range covered, a span of six orders of magnitude in luminos-
ity. We emphasize that our prediction, which matches the
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FIG. 15.— Broad-line quasar luminosity functionlof Richardae{2005) from the 2dF-SDSS (2SLAQ) survey (black squaaas)that of Croom et AIL(2004)
(green circles) from the 2dF survey, compared to our preditbroad-line” luminosity function from our determinatiof the relative quasar and host galaxy
luminosities in our simulations (solid line), where we psite that quasars are observable as “broad-line” objects witeir observed B-band luminosity is
greater than a factofg of that of the host galaxy, Solid lines are shown for the mimmand maximum observed redshift in each bin (as labelediinsisg
fsL = 1. Dotted lines show the result fdg. = 0.3 andfg_ = 3, at the mean redshift of the bin, i.e. corresponding todhdrline” luminosity functions in surveys
which are complete to quasars with observed optical lunitynes 0.3 and 3 times that of the host galaxy, respectively, or at@raly reflecting nearly complete
theoretical uncertainty regarding merging galaxy gastifsas (fgas= 0.1-0.9). Open squares are observations with uncertain incoenss corrections in
Richards et 41[(2005).

data better than standard torus models that are actfiblly minosity function, as evidenced by the relatively similagp
tedto the data, is not a fit to the observations. Instead, it is diction at high redshift. The evolution we do predict with
derived from the physics of our simulations, including lllac redshift, in fact, agrees well with that found by Barger ét al
hole accretion and feedback which are critical in driving th  (200%) over the redshift range= 0.1-1.2 (see also La Franca
“blowout” phase which constitutes most of the time a quasar et al. 2005), an aspect of the observations which is not re-
is visible as a “broad-line” object by our estimation, anohfr produced in any static or luminosity-dependent torus model
theri(Lpeay distribution implied by our model of quasar life-  but follows from the evolution of the quasar luminosity func
times and thebolometricquasar luminosity function. The tion in our picture for quasar growth. However, we do cau-
agreement suggests that our choice of the parameter combition that gas fractions may systematically evolve with red-
nationfg fyas= 0.3 is @ good approximation. As noted above, shift, and as discussed above, a higher gas fraction widl giv
this implies that calibratindg, for an observed sample, com- generally shorter “broad-line” lifetimes using our criteof
bined with the mean broad-line fraction and our modeling, quasar optical luminosity being higher than some fractibn o
can provide a constraint (albeit model-dependent) on tlsé ho the host galaxy luminosity, which will also contribute taeth
galaxy gas fraction of quasars at a given redshift, which can evolution in the mean “broad-line” fraction with redshifi-
not necessarily be directly measured even with difficult, de nally, neglecting the role of luminosity-dependent qudisar
tailed host galaxy probes, as gas is rapidly convertedtats s times gives unacceptable fits to the datd/¢’ = 66.0, 77.5),
throughout the merger. The uncertainty plotted, whiledarg as the broad-line fraction as a function of luminosity is a-co
actually represents a larger theoretical uncertainty —igs d sequence of both the evolution of obscuration and the depen-
cussed above, if an observational sample were well-defineddence of lifetime on luminosity.
such that it were complete to broad-line objects with obsgrv Our model for quasar evolution provides a direct physical
optical luminosity above a fractiofg, of the host galaxy lu-  motivation for the change in broad line fraction with lum&o
minosity, the range we consider would correspond to a rangeity and suggests that it is not a complicated selection effec
fyas= 0.1-0.9 in the quasar host galaxy gas fraction, which As an observational sample considers higher luminosities (
the observations could then constrain. approaches and passes the “break” in the observed luminos-
In our modeling, the broad line fraction as a function of ity function), a comparison of the luminosity function aie t
luminosity does not depend sensitively on the observed lu-underlyingri(Lpear) Shows that it is increasingly dominated by
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FIG. 16.— Predicted “broad-line” fraction of a complete X-ranwple at
low z < 0.3 redshift, from our simulations (where the object is obable
as a broad-line quasar when it has an observed B-band luityirgyeater
than a factorfg. = 1.0 of that of its host galaxy), is shown (thick black
line). The results, changing oui to 0.3 and 3.0 are shown, or equiv-
alently of assuming a host galaxy gas fractifyas= 0.1 or 0.9 instead of
~ 0.3 (dashed), as are the results assuming a “light bulb” moderev
quasars spend a fixed tinig = 20 Myr as broad line objects with a lumi-

nosity of Lyeax (dotted). For comparison, the (scaled to 2-10 keV luminos-

ity) observations of Ueda etlal. (2003) (squarés). Hadi2@b4) (circles),
Grnmes, Rawlings, & Willott [(2004) (triangles), and_Simps@005) (dia-
monds) are shown. The predicted result at higher redshift {) is shown
(red dot-dashed line), offset owing to the shift in breakitusity of the lumi-
nosity function with redshift. The best-fit luminosity-demlent torus model,
fitted to the data, is shown as the solid cyan line. The best-fitcstatus
model is a constant broad-line fractien0.3 (not shown for clarity).
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FiG. 17.— Predicted “obscured” fraction (solid line) in an X/rsample
with identical redshift and luminosity range to thalof Uesdal. [20083), as a
function of hard X-ray (2-10 keV) luminosity. Vertical errbars show Pois-
son errors estimated from the total time at a given lumigaaitross all our
simulations (absolute values of the error bars should ndaken literally).
The “obscured” fraction is defined as the fraction of quasatis X-ray col-
umn densitieNy > 10%2cm2 in bins of AlogLy-19kev. The observations
from[Ueda et 21.[{2003) are shown as black squares.

Ny > 10°2cm™?, and as “unobscured” quasars below this col-
umn density. We can compare to their observations, using the
column density distributions as a function of luminosityrfr

our simulations, which cover the entire range in luminosity
the observed sample. Specifically, we use a Monte Carlo re-
alization of these distributions, employing our fittetLpeay
distribution at each redshift to produce a list of quasakpea
luminosities and then generating all other propertiesdhase

the probability distribution of a given property in simutats

with a similar peak luminosity. We describe this methodol-
ogy in detail in §8, and provide several such mock quasar
distributions at different redshifts.

In Figure[1¥, we compare our estimated “obscured” and
“unobscured” fractions as a function of hard X-ray luminos-
ity, using the same definitions as well as redshift and lumi-
nosity limits as the observed sample. The solid line shows
our prediction, with vertical error bars representing Bois
errors, where the number of “counts” is proportional to the
total time spent by simulations at the plotted luminosite(t
absolute value of these errors should not be taken serjously
The “obscured” fraction is determined in bins of luminosity
AlogLs-10 kev = 0.5. Despite our large number of simula-
tions, there is still some artificial “noise” owing to incotete
coverage of the merger parameter space, namely the apparent
oscillations in the obscured fraction. However, the meandr
agrees well with that observed (black squares), suggesting
that the success of our modeling in reproducing the fraafon
“broad line” objects as a function of luminosity is not a con-
sequence of the definitions chosen above. We do not show the
predictions of the standard and luminosity-dependentstoru
models, as (because essentially any line of sight through th
torus encounters a column density > 10°>cm™) the pre-
dictions of these models are identical to those shown and com
pared to the same observations in Fiduge 16.

Our prediction that the fraction of broad-line objects ddou
rise with increasing luminosity is counterintuitive, giveur
fitted column density distributions in which typical (medja
column densities increase with increasing luminosity. sThi
primarily owes to the simplicity of ouNy fits; we assume
the distribution is lognormal at all times, but a detailed in
spection of the cumulative (time-integrated) column dgnsi
distribution shows that at bright (near-peak) luminositihe
distribution is in fact bimodal (see e.g. Figure 3 of Hopkins
et al. 2005b and Figure 2 of Hopkins et al. 2005d), represent-
ing both the heavily obscured growth phase and the “blowout”
phase we have identified here as the “broad line” phase. Over
most of a simulation, we find the general trend shown in Fig-
ure[3 and discussed above, namely that typical column den-
sities increase with intrinsic (unobscured) luminosityhisT
is because the total time at moderate to large luminosties i
dominated by black holes growing in the obscured/starburst
stages; here, the same gas inflows fueling black hole growth

sources near their peak luminosity in the final stages of Ed-also give rise to large column densities and starburststwhic
dington limited growth. The final stages of this growth ex- obscure the black hole activity. However, when the quasar

pel the large gas densities obscuring the quasar, rendeéng
bright, optically observable broad-line object for a shionte.

nears its final, peak luminosity, there is a rapid “blowout”
phase as feedback from the growing accretion heats the sur-

Therefore, we expect that the fraction of broad-line olsiect rounding gas, driving a strong wind and eventually terminat
should increase with luminosity in quasar samples, as indi-ing rapid accretion, leaving a remnant with a black hole sat-

cated by the observations.

isfying the Mgy — o relation. This can be identified with the

Many observational measures do not consider a direct op-traditional bright optical quasar phase, as the final stdge o
tical analysis of the quasar spectrum in estimating the-frac black hole growth with a rapidly declining density (allowin
tion of broad-line objects as a function of luminosity. For the quasar to be observed in optical samples), giving typi-
examplel Ueda et hl. (2003) adopt a proxy, classifying as “ob cal luminosities, column densities, and lifetimes of ogftic
scured” any quasars with an X-ray identified column density quasars. In these stages, larger luminosities imply more vi
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olent “blowout” events, i.e. a brighter peak luminosity qaa

more effectively expels the nearby gas and dust, renderingy,f
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broad-line quasar to be, on averalfg; ~ M, (Lpea), Where
~ Medd(Lpeay modulo the order unity corrections de-

a dramatic decrease in column density at these bright stagegCBr'ﬂbed in £214. Using our fitteti(Lpeay) distribution from

(see Hopkins et al. 2005f).

the luminosity function, extrapolated to low redshit~ 0),

We are essentially modeling this bimodality in more detail a3ng combining it with the integrated “broad-line” lifetime

by directly determining the “broad-line” phase from our sim
ulations. However, the broad line fraction-luminosityarel

tion we predict is also a consequence of the more compli-

cated relationship between column density, peak lumiposit

from our simulations as above, we obtain the differenti@hnu
ber density of sources in a logarithmic intervallipeax. Fi-

nally, we use our EquatidnllO fMéH(Lpeak) determined from

and bolometric and observed luminosity, as opposed to theour fitted quasar lifetimes (demanding s = e Mg, c?) to

predictions from a model with correlation betwelp and

only observed luminosity. The key point is that we find, near

convert this to a distribution in black hole mass.
Our predictedh(Mgy), i.e. the number of observexttive

the peakluminosity of the quasar, as feedback drives away guasars at low redshift in a logarithmic interval of blackeho
gas and slows down accretion, the typical column densitiesmass, is shown in FigufeIl8. We consider the complete dis-

fall rapidly with luminosity in a manner similar to that ob-

tribution of active quasar masses, for both broad-line ad n

served. In our model for the luminosity function, quasars be broad-line objects, in the left panel of the figure, and ttee di

low the observed “break” are either accreting efficiently in

tribution of broad-line objects onlg(MEY), in the right panel.

ear|y Stages of growth or are in Sub_Eddington pha_ses Com_on the |eft, we show the Complete distribution which would

ing into or out of their peak quasar activity. Around and

be observed without any observational limits (dashed line)

above the break, the luminosity function becomes dominatedWe calculate this from the distributions of Eddington ratio
by sources at high Eddington ratio at or near their peak lumi- 0ur simulations, as a function of current and peak lumiypsit

nosities. Based on the above calculation, we tgrectvhat
is observed, that in this range of luminosities, the fractio
of objects observed with large column densities will rapidl

and our fit tori(Lpeal (as, e.g. for our Monte Carlo realiza-
tions). We also consider the observed distribution if wel\app
the luminosity limit for completeness from the SDSS sam-

decrease with luminosity as the observed sample is increaspPle offHeckman et all (20D4) (dotted)ony > 10°L, which

ingly dominated by sources at their peak luminosities is thi

using their bolometric corrections yields> 3.5 x 10°L,,

blowout phase. This also further emphasizes that the evolu-and then additionally applying their minimum velocity dis-

tion of quasars dominates over static geometrical effects i
determining the observed column density distribution gt an
given luminosity.

Finally, if host galaxy contamination were not a factor, we
would expect from our column density model that, at low lu-

persiono > 70kms? (dot-dashed). Finally, we can weight
this distribution by luminosity (solid line) to compare éatly

to that determined in their Fig. 1. The red points are taken
from the luminosity-weighted black hole mass function of
Heckman et &l. (2004), which serves as a rough estimate of

minosities [ < 10*°L,, well below the range of most obser- the active black hole mass distribution given their selection
vations shown), the broad-line fraction would again ineeea  effects. Vertical error bars represent the range in parame-
(i.e. the obscured fraction would decrease), as the lack®f g terizations of the mass function fram Heckman etlal. (2004),
to power significant accretion would also imply a lack of gas including whether or not star formation is corrected for and
to produce obscuring columns. However, at these luminosi-limiting the sample to luminositiels > 10*°L, or Eddington
ties, typical of faint Seyfert galaxies or LINERs, our model ratios> 0.01. Horizontal errors represent an uncertainty of
ing becomes uncertain; it is quite possible, as discussed pr 0.2dex in the black hole mass estimation (representative of
viously, that cold gas remaining in relaxed systems could co uncertainties in thélgy — o relation used). The agreement is
lapse to form a traditional dense molecular torus on scalesgood, especially given the significant effects of the sedect
~pc, well below our resolution limits. Furthermore, host criteria and luminosity-weighting.
galaxy light is likely to overwhelm any AGN broad-line con- We also consider the predictions of a “light-bulb” or “expo-
tribution, and selection effects will also become signifitcat nential / fixed Eddington ratio” model of the quasar lifetime
these luminosities. for the active black hole mass distribution (red lines). For
o . . urposes of the active black hole mass function, the two pre-
4.3. The Distribution of Active Broad-Line Quasar Masses gict?ons are identical and independent of the assumed qupasa
Our determination of the “broad-line” or optical phase lifetime (modulo the arbitrary normalization), as bothuase
in quasar evolution allows us to make a further prediction, that all observed quasars are accreting at a fixed Eddington
namely the mass distribution of currently active broa@-lin ratio, giving the distribution of active black hole mass€ke
quasars. At some redshift, the total number density of ob-dashed line shows the prediction for the complete activekbla
served, currently active broad-line quasars with a giveax hole mass function, which rises sharply to lower luminosi-
will be (in the absence of selection effects) ties, as it must given a luminosity function which increases
NeL (Lpea) = M(Lpear) taL (Lpea), (29) monotonically to lower luminosities. The solid line shows
wheretg, (Lpeay) is the total integrated time that a quasar with the prediction of such a model with the complete set of se-
peak luminosityLpeak Spends as a “broad-line” object (us- Iectlc_)n effects_ from Hec_:kman etlal. (2()04_) described _ab_ove
ing our criterion for the ratio of the observed quasar B-band applied, as with the solid black line showing the prediction
luminosity to that of the host galaxy), given by integrating Of our modeling. Here, we chose the characteristic Eddimgto
our formulae in §Z1 or directly calculated from the sim- ratio~ 1.0 by fitting the predicted curve to the Heckman et al.
ulations. Since we have determined roughly that a quasar(2004) observations. Note that both the characteristidriggd
should be observable as a “broad-line” object at times with ton ratio and lifetime (normalization) of the curve are fitte
L > 0.2Lpeak primarily just after it reaches its peak luminos- SO the relative normalization of this curve and our full mode
ity, in the “blowout” phase of its evolution, we expect the in  prediction are not the same; for example, the predicted to-
stantaneous black hole mass at the time of observation as #l absolute number of activdgy > 10° quasars is higher in
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Fic. 18.— Predicted distribution of currently active black dvohasses, both considering all types (Type | & II; left) andlydhose visible as broad-line
quasars (Type |; right), at low < 0.3 redshift, from oum(Lpeay) distribution and the estimation of the “broad-line” phatieectly from the simulations. In the
left panel (all quasar types), we consider the result willitearily faint luminosity limits (dashed line), and withé luminosity completeness limit (dotted) and
both luminosity limit and velocity dispersion limit (dastot) of the SDSS sample bf Heckman €t . (2004). We then denglie mass distribution with these
limits, weighted by Olll luminosity, for direct comparisaa the mass function 6f Heckman et al. (2004), shown as retésifvertical errors represent the range
in different parameterizations of the luminosity-weighteass function frorh Heckman ei 4[._(2D04), their Fig. 1, zwntal errors a- 0.2 dex uncertainty in the
black hole mass). Black lines show this for our full moded] liees show the full distribution (dashed) and distribntigith the same weighting and selection
effects ag_Heckman eflal. (2004) (solid) for a light-bulb xpanential light curve model of quasar evolution. At rigtite distribution of active “broad-line”
guasar masses (solid, where an object is a “broad-line”ajuiaithe observed quasar B-band luminosity is above a fafgior= 1 of that of the host galaxy —
dotted and dashed lines show the resufiif = 0.3 or 3, respectively). Black lines show the prediction of fllémodel, red and blue lines the predictions of a
light-bulb/exponential light curve model with a standasdis model (red) and receding torus model (blue) used tordate the broad-line fraction.

the full model than in the light-bulb or exponential models. of active broad-line black hole masses from the SDSS (e.g.,
Still, it is clear that these models produce too broad aidistr IMcLure & Dunlopi2004). The observations may show fewer
bution of active black hole masses, in disagreement with thelow-mass black holes than we predict, but this is expected, a
observations. We could, of course, obtain an arbitraribgel  observed samples are likely incomplete at the low luminosi-
agreement with the observations if we fit to thistributionof ties of these objects (even at the Eddington limit, &M@
accretion rates, but such a model would recover a quasar life black hole has magnituddy ~ —16). If, in our model, we
time and accretion rate distribution quite similar to owas,  were to consider instead a standard torus scenario for fhe de
is evident from the agreement between the predictions of ourinition of the broad-line phase, we would predict the same
simulations and the observations. A purely empirical model curve as that shown in the left half of the figure (black dashed
of this type is considered by elg. Merloni (2004), who finds our prediction for the cumulative active black hole massfun
that similar qualitative evolution in the quasar lifetimeda  tion). This is because the standard torus model predicts tha
anti-hierarchical black hole assembly to that predictedlny  a constant fraction of objects are broad-line quasarsydega
modeling is implied by the combination of quasar luminosity less of mass or luminosity, thus giving identical distribu-
functions and the black hole mass function. tions of Type | and Type Il quasar masses. If we consider a
On the right of the figure, we show our predicted mass dis- luminosity-dependent or receding torus model, the prasict
tribution for low-redshift, active “broad-line” quasarso{id is nearly identical to the black line shown. This is becaase,
black lines), where we estimate that an objectis a “broaé*li ~ shown in Figur€l6, our prediction for the broad line fraatio
quasar if the observed quasar B-band luminosity is above aas a function of luminosity is similar to that of the receding
factor fg. = 1 of that of the host galaxy — dotted and dashed torus model. The differences in the model predictions fer th
lines show the result ifg; = 0.3 or 3, respectively, parameter- broad-line fraction as a function of luminosity do manifiest
izing the range of different observed samples. As discussedhe prediction for the active broad-line black hole massfun
above, the range dffs. shown can be, alternatively, thought tion, but the difference in these models is smaller than the
of as a parameterization of uncertainty in the host galasy ga ~ 10 range from different values ofz. shown. However,
fraction, if (in an observed sample), the sensitivity to-see if we consider different models for the quasar light curve or
ing quasar broad lines against host galaxy contamination islifetime, the predicted active broad-line mass functioguige
known. Therefore, the location of the peak in the active iroa different (as is the cumulative active black hole mass func-
line black hole mass function can be used, just as the meartion).
broad line fraction vs. luminosity, as a test of the typicasg We show the predictions of a light-bulb or exponential light
fractions of bright quasar host galaxies, and can congh@in  curve model for quasar evolution in the figure, adoptingegith
tential evolution in these gas fractions with redshift. a standard torus model (red) or receding torus model (btue) t
The prediction shown is testable, but appears to be indetermine the broad-line fraction as a function of lumitosi
good agreement with preliminary results for the distribnti  For the standard torus model, this predicts that the braoad li
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mass function should trace the observed luminosity fungtio Entire Simulation
rising monotonically to lower black hole masses in power-la oo
fashion (just as seen in the red dashed line in the left half of i
the figure for the cumulative black hole mass function). For
the receding torus model, the active black hole mass func-
tion shows a peak (because, at lower luminosities, there are
more observed quasars, but a larger fraction of them are ob-
scured). However, the location of this peak is at roughly an
order of magnitude smaller black hole mass than for our pre-
diction. This assumes a typical Eddington ratial, which

L<10ML, e

[ 10" L@““"“’_L’@_r\_r"‘ i ’_,—\J'I_"

Logarithmic Probability Distribution

L>10%L,
we have fitted to the cumulative black hole mass function — 1 1
the peak in the broad-line active black hole mass function in 1 T
these models could be shifted to larger black hole masses by o000l 0oL ool o1 1o 1 1 10 100 10
assuming a smaller typical Eddington ratio, but this would Eddington Ratio LiLcoo Black Hole Mass (Mo

only worsen the agreement with the cumulative black hole Fic. 19.— Distribution of Eddington ratios (left panels) andtantaneous
mass function of Heckman etlal. (2004). Furthermore, a ro-black hole mass (right panels) as a function of quasar bdtirieminosity
bust difference between the models is that the light bulb or for our fducia Miky Way-like A3 simujation, "‘;g’r‘:gN:EﬁZ?nk%ilr;?:an g
EddIngton_lImlted/eXponentl.al mOdel.s predict, fOI‘ tharst n%);g(s distributione(.concentrated at higher va?uz/es) witheiasing gIluminosity
dard torus case, no turnover in the active broad-line blad& h s clear. The result of applying an ADAF-type radiative ééfiwy correction
mass function, and for the receding torus case, a broader disat low accretion rates is shown (dashed) as well as the rekatinsidering
tribution in active broad-line quasar black hole masses tha only times after the final merger, witgy ~ Mg, (dotted).
is predicted in our modeling. Roughly, the lognormal width
of this distribution in our model is- 0.6 dex, whereas the
light-bulb or exponential light curve models have a distrib
tion with width~ 1.0 dex. As noted above, we obtain a similar Eddington ratios.
prediction if we adopt our full obscuration model instead of  The probability of being at a given Eddington ratio should
the receding torus model here. A determination of the rangeproperly be thought of as a conditional joint distribution
of active, broad-line quasar masses can, therefore, @mstr P(l |L, Lyeay in both instantaneous and peak luminosity, just
guasar lifetimes and light curves. as the quasar “lifetime” is more properly a conditional dis-
Our model makes an accurate prediction for the distribution tribution to(L | Lpeay. Rather than adopting a uniform Ed-
of activeblack hole masses, everzat 0 where our extrapola-  dington ratio or Eddington ratio distribution, empiricatie
tion of the luminaosity function is uncertain. It is importan mates must consider more detailed formulations such as the
distinguish this from the predicted relic black hole mass di  framework presented [n_Steed & Weinkierg (2003), which al-
tribution, derived in §16, which must account for all quasars lows for a conditional bivariate Eddington ratio distrilaut
i.e. ri(Lpeay integrated over redshift. We additionally find for and can therefore incorporate these physically motivated d
broad-line quasars, as we expect from our prediction of thependencies and complications in de-convolving obsematio
broad-line phase, that these objects are primarily radjait of the quasar luminosity function to determine e.g. Eddingt
large Eddington ratio$,~ 0.2-1, but we address thisin more ratio distributions, active black hole mass functions, aifekr
detail in §%. The success of this prediction serves not anly t physical quantities.
support our model, but also implies that we can extrapotatet  Figure[I® shows the distribution of Eddington ratios as a
fairly low luminosities, even bright Seyfert systemszat O. function of luminosity for the fiducial, Milky Way-like A3
This suggests that many of these systems, at least at th# brig simulation ¥ = 160kms?). Over the course of the simula-
end, may be related to our assumed quasar evolution modelion, the system spends a roughly comparable amount of time
fueled by similar mechanisms and either exhibiting weak in- at a wide range of Eddington ratios frdm 0.001-1. At high
teractions among galaxies or relaxing from an earlierfieg  luminosities,L > 10'?L, for a system with_peax~ 10%L,
stage in their evolution. As we speculate ifl§ 8, our descrip-the range of Eddington ratios, is concentrated at high galue
tion of self-regulated black hole growth may also be relévan | ~ 0.5-1 with some time spent at ratios as lowlas 0.1.
to fainter Seyferts, even those that reside in apparentlisun  Note, however, that the y-axis of the plot is scaled logarith
turbed galaxies. cally, so the time spent &t- 0.1 in this luminosity interval is a
factor~ 5 smaller than the time spentlat 0.5. Considering
5. THE DISTRIBUTION OF EDDINGTON RATIOS lower luminosities 18'L, < L < 10*2L,, the distribution of
In traditional models of quasar lifetimes and light curves, Eddington ratios broadens downlte- 0.01. Going to lower
the Eddington ratio] = L/Lgqq is generally assumed to be luminosities still,L < 10''L,, the distribution broadens fur-
constant. Even complex models of the quasar populationther, with comparable time spent at ratios as low&<.001,
which allow for a wide range of Eddington ratios accordingto and becomes somewhat bimodal. At large luminosities near
some probability distributioR(l) implicitly associate a fixed  Lpea the system is primarily in Eddington-limited or near-
Eddington ratio with each individual quasar, and do not al- Eddington growth. However, as we consider lower luminosi-
low for P(I) to depend on instantaneous luminosity or host ties, we include both early times when the black hole is grow-
system properties. However, this is a misleading assumptio ing efficiently (highl) and late or intermediate times when the
in the context of our model, as the Eddington ratio varies in black hole is more massive but the accretion rate falls (low
a complicated manner over most of the quasar light curve.l). As we go to lower luminosities, thtal time spent in
Furthermore, the integrated time at a given Eddington ratio sub-Eddington states increasingly dominates the timetspen
is different in different systems, with more massive, highe | ~ 1, although the time spent at any given valué ffairly
peak luminosity systems spending more time at latge 1) flat with log().
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Roughly, at some luminositl, there is a constant proba-
bility of being in some logarithmic interval ih

Lrl,_eakﬂ oL

—<l<1
’ Lpeak e
andP(l|L,Lpeay = O otherwise. This is especially clear if we
compare the distribution of Eddington ratios in each lursino
ity range obtained if we consider only times after the final
merger of the black holes (dotted histograms). At the high-
est luminosities, the distribution is identical to thatahbed
previously, since all the time at these luminosities is wigri
the final merger. However, as we move to lower luminosi-
ties, the characteristicmove systematically lower, as we are

Complete Sample
£ z<05

Complete Sample I
$z=15-35

P(I|L, Lpea) ~ [mg( (30)

L=10"%Lg>> L,

L = 10005 Lo<< L,

e

Probability (Arbitrary Scale)

0.001 0.010 0.100 1.000 0.001

Eddington Ratio L/Lgpp

0.010 0.100 1.000

seeing only the relaxation after the final “blowout” né&ggay
with characteristic Eddington ratio= L/Lyeak at any given
luminosity L. These trends are also clear if we consider the
distribution ofinstantaneousblack hole masses in each lumi-
nosity interval shown in the figure, which is trivially redat

FiG. 20.— Predicted distribution of Eddington ratios based han lumi-
nosity function and the quasar evolution in our simulatjangwo redshift
intervalsz < 0.5 (upper left) and B < z < 3.5 (upper right). The observed
distributions for radio loud (black squares) and radio tj¢igeen circles)
guasars are shown frdm Vesterghard (2004) with PoissorseiThick black
lines show the predicted distribution given the same mimmnabserved lumi-

to the Eddington ratio distribution at a given luminoditas

-M L _ Lts
" Leqd(Mo) ~ Terc?

nosity as the observed sample. Thin red lines show the peeditistributions
for a sample extending to arbitrarily faint luminositiestted lines show the
same, with the ADAF correction of[d 5 applied at low accretiates. Blue
dashed lines show the prediction for a fixed (luminosityeipehdent) Ed-
dington ratio distribution in a light-bulb or exponentiaght curve model,

P omt — . fitted to thez < 0.5 data and used to predict thék z < 3.5 Eddington ratio
Of course, itis clear here thifgy; ~ MBH =3x10° Mo if we distribution given the observational luminosity limit. Wwer panels show the

consider only times after the final merger. predicted distributions foz < 1 in two luminosity intervals, above and be-

It has also been argued from observations of stellar blacklow the “break” luminosity in the observed luminosity fuiot (red lines here
hole binaries that a transition between accretion states oc correspond to an observed (attenuated) B-band luminbsigys > 10 Lo).
curs at a critical Eddington ratioh = M/Mgqq, from ra-
diatively inefficient accretion flows at low accretion rates
(e.g.,.Esin, McClintock, & Narayan 1997) to radiatively effi
cient accretion through a standard Shakura & Sunyaev(1973konstructing the observed luminosity functions; see alsp-H
disk. Although the critical Eddington ratio for supermassi  kins et al. 2005c¢ for a calculation of the effects of such a cor
black holes is uncertain, observations of black hole besari  rection on the fitted quasar lifetime arifLpea distributions,
(Maccarone 2003) as well as theoretical extensions of ac-which leads to the same conclusion).
cretion models (e.g.. Meyer, Liu, & Meyer-Hofmeister 2000)  Despite the broad range of Eddington ratios in the simu-
suggestmeit ~ 0.01. We can examine whether this has a lations, this entire distribution is unlikely to be obsesiein
large impact on our predictions for the luminosity function many samples. The effect of this can be predicted based on the
andri(Lpeay distribution, by determining whether the distri- behavior seen in FigufgIL9. For example, we consider the dis-
bution of Eddington ratios is significantly changed by such a tribution of Eddington ratios that would be observed if the B
correction. Because we assume a constant radiative efficien band luminosityLg os > 10*1 L, comparable to the selection
L = & M c? with ¢, = 0.1, we account for this effect by multi-  limits at high redshift of many optical quasar samples. As ex
plying the simulation luminosity at all times by an additgdn  pected from the change Inwith luminosity, this restricts the
“efficiency factor” fe¢ which depends on the Eddington ratio observed range of Eddington ratios to large value®.1-1,

Mg (31)

I =L/Leda, in good agreement with the range of Eddington ratios actu-
|1 if | >0.01 ally observed in such samples. Essentially, it has redueed t
fert = 100l if 1 <0.01 (32) observed range to a bolometric luminodity, 10*L, in the

case shown, giving a similar distribution to that seen in the
lower panel of the figure.
We compare our predicted distribution of Eddington ratios

This choice for the efficiency factor follows from ADAF mod-
els (Naravan & Yi 1995) and ensures that the radiative effi-
ciency is continuous at the critical Eddington rdtia=0.01.  to observations in FigufER0. Using the distribution of pieak
Applying this correction and then examining the distribati  minositiesri(Lpeay) determined from the luminosity function,
of Eddington ratios as a function of luminosity (dashed his- we can integrate over all luminosities to infer the observed
tograms in Figurd_19), we see that the distribution of Ed- Eddington ratio distribution,

dington ratios is essentially identical, with only a slight

higher probability of observing extremely low Eddington ra P(l /dlo L/dlo L

tios| <0.001. Of course, our modeling of accretion processes (1) g G-peak

does not allow us to accurately describe ADAF-like accretio dt(L, Lpeay) .

atthese low Eddington ratios, but such low values are net rel xP(I|L, Lpeay “diogL M(Lpeay)- (33)

vant for the observed luminosity functions and quantitiél w
which we make our comparisons. This implies that such aAs our estimate ofP(I|L,Lpeay above is rough, we
transition in the radiative efficiency with accretion rabesld do this by binning inLyeak and averaging the binned
not alter our conclusions regarding the luminosity funetio P(l|L,Lyeaydt/dlogL for each simulation in the range of
and theri(Lpeay distribution (essentially, the corrections are Lpeas then weighting byi(Lyea) and integrating. We con-
important only at luminosities well below those relevant in sider both the entire distribution that would be observatién
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absence of selection effects (red histograms), and the-dist -
bution observed demanding a B-band luminosity above some =08 log L2 42 log L™ > 43
reference valud,g obs > Lmin (black histograms). The results mgi—{ 10g Lsy> 44 i 1og L > 45
are shown for redshifts < 0.5 andz=1.5-3.5, along with ’
the observed distribution from_Vestergaard (2004), with as

sumed Poisson errors. The observations should be compared
to the black histograms, which have luminosity thresholds

L =10, and 13*L, for z< 0.5 andz=1.5-3.5, respec-

Probability (Arbitrary Scale)

b
b b
h B b

tively, corresponding approximately to the minimum observ S -
able luminosities in the observed samples in each redshift i
terval.
The agreement is good, given the observational uncertain-
ties, and it suggests that the observed Eddington ratiolaist 5 4 3 2 1 05 4 3 2 1 05 4 3 2 10

109:0(12 Lg / Lews) 109;6(52 Lsx / Leaa) 10936(35 Ly / Lega)

tion can be related to the non-trivial nature of quasaritifes
and light curves we model, rather than some arbitrary istri FiG. 21.— Predicted distribution of Eddington ratios basednanaminos-
tion of fixed| across sources. However. the selection effects ity function and the quasar evolution in our simulationghate redshifte =
: - P 0.5 (top panels)z= 1.0 (middle), andz= 2.0 (bottom). The inferred distribu-
'r! th_e Observed samples are, qu!te S,lgmﬁc,ant —the CorT]pk:"te[ion of Eddington ratios, adopting a constant bolometrigextion from the
distribution of Eddington ratios is similar in both samples observed (attenuated) luminosity in each of three bandsoiss, i.e. assum-
implying that the difference in the observed Eddingtonorati ing L = 121.8°(4400A; left), L = 5212 (0.5-2 keV; middle), and. = 351958
distribution is primarily a consequence of the higher luasin (2-10 keV; right). For each waveband, results are shownhiaet reference

g it i _ ; luminosities. In B-bandMg < —19 (red),Mg < —22 (blue), andMg < -25
ity limit in the observed samples — and a more detailed test of(black). In soft X-rays, log(exlergs]) > 40 (red) 42 (blue) 44 (black).

this prediCtior_] requ"es fain_ter samp!es. In hard X-rays, log(rx[ergs™]) > 41 (red) 43 (blue) 45 (black).
Still, there is a systematic offset in the observed samples

atz< 0.5 andz=1.5-3.5 which does not owe to selection
effects. At progressively lower redshifts, more quasats wi
luminosities further below the “break” in the luminosityrfcr dington limit as a maximum accretion rate; if we remove this
tion are observed, and therefore the observed Eddingtan rat restriction, we find that the simulations spend some small bu
is broadened to lower Eddington ratibs- 0.1, whereas at  non-negligible time withl ~ 1-2, which is also consistent
high redshift the distribution is more peaked at slightigher with the observations.
Eddington ratios. This difference, although not dramasia, Furthermore, we can make a prediction of this model which
prediction of our model not captured in “light bulb” or “fixed  can be falsified, namely that the Eddington ratio distributi
Eddington ratio” models, even when allowing for a distribu- at luminosities well below the break in the luminosity func-
tion of Eddington ratios, if such a distribution is static.eW tion should be broader and extend to lower values than the
demonstrate this by fitting the low-redshift Eddingtonaati  distribution at luminosities above the break luminositye W
distribution to a Gaussian (blue dashed lines in upper,left) quantify this in the lower panels of Figuel20, for the distri
and then assuming that this distribution of accretion reges bution at low redshiftz < 1. Here we consider two bins in
unchanged with redshift, giving (after applying the same se [uminosity,L = 10°5-10{95 L, andL = 10125-10135L,, for
lection effects which yield the black histograms plotteli} t  redshifts where the break in the luminosity function is at ap
blue dashed line in the upper right panel. Although the agree proximatelyL ~ 10**-10'L.,. Clearly, the distribution is
ment may appear reasonable, the difference is significant -broader and extends to lower Eddington ratios in the former
such a fit overpredicts the fraction of high redshift objects luminosity interval, whereas in the latter it is stronglyaked
at Eddington ratiosS 0.1 and underpredicts the fraction at aboutl ~ 0.2—1, for both the complete distribution (black)
~ 0.3, giving a somewhat poor fit overal{f /v = 2.7, butwith  and that withLg ops> 10 L, (red). The distribution obtained
typical 2 30 overpredictions for Eddington ratig§0.1). applying the ADAF correction described above is shown as
Furthermore, without being modified to allow for a distribu- dotted histograms. Despite the fact that the Eddingto rati
tion of Eddington ratios, such models are clearly incomsist  distribution at low luminosities will be strongly biased bg-
with the observations, as they would predict a single, @mist |ection effects, a reasonably complete sample should e abl
Eddington ratio. However, models which fit the observed evo- to test this prediction, at least qualitatively.
lution in the quasar luminosity function with a non-statis-d We illustrate the effects of changing observed waveband,
tribution of accretion rates do recover the broadening ef th redshift, and luminosity thresholds on the observed Edding
Eddington ratio distribution at low redshift, so long asiy ton ratio distribution in Figur€21. Here, we plot the pre-
evolution in the distribution of accretion rates for syseof dicted distribution of Eddington ratios determined as ig-Fi
a given black hole mass is not allowed (Steed & Weinberg ure[2D, from our fittedi(Lpea distribution at each redshift
2003), giving a qualitatively similar picture of the evaburi and the distribution of Eddington ratios as a function of in-
we model. Regardless of the evolution in accretion rates, anstantaneous and peak luminosity in each of our simulations
advantage of our modeling is that it provides a physically mo (specifically, these are drawn from the Monte Carlo real-
tivated predicted distribution of accretion rates, as gpldo izations of the quasar population described 1§ 8). We
being forced to adopt the distribution of accretion ratesnr  show the predictions at three redshifts 0.5 (top panels),
observational input (which can be, as demonstrated in the fig z= 1.0 (middle), andz = 2.0 (bottom). For each redshift,
ure, significantly biased by observational selection éffec  results are shown in three wavebands, and with three refer-
The dotted histograms show the distribution if we apply our ence luminosities. In B-band, we requikds < —19 (red),
ADAF correction to the intrinsic distribution, and demon- Mg < -22 (blue), andMg < -25 (black). In soft X-rays,
strate that this does not significantly change the result. Welog(Lsx[ergs?]) > 40 (red) 42 (blue) 44 (black). In hard
note that our model for black hole accretion employs the Ed- X-rays, log(yx[ergs?]) > 41 (red) 43 (blue) 45 (black).
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The observationally inferred distribution of Eddingtorioa assuming an order of magnitude larger quasar lifetime, this
at each redshift is loosely estimated by adopting a constanigivesm ~ 107%°, far below observed values, implying that re-
bolometric correction from the observed (attenuated) fumi gardless of the fueling mechanisms at low luminosities, the
nosity in each of three bands shown, i.e. assurhirdl2L.8> basic key point of our modeling must be true to some extent,
(4400A; left),L = 52L.2%5(0.5-2 keV; middle), andl = 35L9%¢ namely that quasars spend long times relaxing at moderate to
(2-10 keV; right). This follows common practice in many ob- low Eddington ratios.

servational estimates of the Eddington ratio distributomi 6. THE MASS FUNCTION OF RELIC SUPERMASSIVE BLACK

allows for the effects of attenuation, but we caution thaéit HOLES FROM QUASARS

be misleading.

If we instead use the luminosity-dependent bolometric cor-
rections of_Marconi et al.l (2004) which we adopt through-
out, even given that we are calculating from the observed
(attenuated) luminosities, we do not see the large pojpulati
of highly sub-Eddington (Eddington ratig§ 10°3) quasars
in soft and hard X-ray samples with low luminosity thresh-
olds. This is because these are actually reasonably high
Eddington ratio quasars, but our bolometric corrections im
ply that a larger fraction of the bolometric luminosity is ra
diated in the X-ray at low bolometric luminosity, meaning
that assuming a constant bolometric correction will under-
estimate the Eddington ratios of high-bolometric lumitypsi
sources. Regardless, the figure illustrates both the irapoet
of different wavelengths (i.e. the ability to observe manw-
Eddington ratio sources in X-ray as compared to optical sam-
ples) and luminosity/magnitude limits on the inferred idist
bution of Eddington ratios. For example, even for relativel
deep B-band quasar samples completdgo< —23 (i.e. com-
plete to essentially all objects traditionally classifistaving
“quasar-like” luminosities), the expected observed Egttin
ratio distribution atz ~ 0.5-2 is quite sharply peaked about
~ 0.1-0.3, in good agreement with recent observational re-
sults (Kollmeier et &l. 2005).

We do not compare to the = 0 distribution of black

From the Mgy-o relation and other host galaxy-black
hole scalings, estimates of bulge and spheroid veloc-
ity dispersions have been used to determine the to-
tal mass density pggy) and mass distribution of lo-
cal, primarily inactive supermassive black holes (e.g.,
Salucci et all 1999; Marconi & Salvati 2002; Yu & Tremeaine
2002] Ferrarefe 2002; Aller & Richstone 2002; Marconi &t al.
2004; [Shankar et hll_2004). These estimates, along
with others based on X-ray background synthesis (e.g.,
Fabian & lwasawa 1999; Elvis etlal. 2002), have compared
these quantities to those expected based on the massudistrib
tion of ‘relic’ black holes grown in quasars. It appears that
most, and perhaps nearly all of the present-day black hole
mass density was accumulated in bright quasar phases, and
the Mgy — o andMgh — Louge Correlations yield estimates of
the local mass function in good agreement with those from
hard X-ray AGN luminosity functions (Marconi etlal. 2004).

However, this modeling is dependent on several assump-
tions. Namely, the average radiative efficiergyEddington
ratiol, and average quasar lifetirhigare generally taken to be
constants and either input into the model or constrainedby d
manding agreement with the local mass function. In our sim-
ulations, we find the quasar lifetime and Eddington ratiogo b
complex functions of both luminosity and host system preper
hole accretion rates, as this is dominated by objects at!i€S (aSopposedto being constants). We also find that quasar
extremely low Eddington ratiod ~ 10° - 107 (e.g. spend a large fraction of their lives in obscured growth phas

Ha [2002; | Marchesini et all_2004;__Jester 2005), W’hich su_ggesting SOMe Mass gain ou.tside ofthe bright quasar.phase
are well below the range we model. and are not likely It is thus of interest to determine the relic black hole mass

to be driven by merger activity (many of these objects function expected from our model for quasar evolution.
are quiescent, low-luminosity Seyferts in normal spi- Using our estimate for the birthrate of quasars with a given

ral galaxy hosts): furthermore, many of these objects PeaK luminosity at a particular redshiff(Lpeay, obtained

are not accreting at the Bondi rats (Eabian & Canizares ToM the luminosity function in §3]2, we can estimate the

1988; [Blandford & Begelman [1999; [_Di Matteo et al. total numb_er density of relic quasars accumulated b_y agarti

2000 [Narayan et al._2000_Ouataert & Gruzinay__2000; Ular redshiftthat were born with a givégeax (per logarithmic

Di Matteo et al[ 200 1t Loewenstein ei Al 2001; Bower ¢t al. interval inLpeay from

2003), clearly showing that our simulations must incorpora ) ri(L 2)dz

more sophisticated models for accretion in quiescent, low- N(Lpear) =/n(|-peak)dt =/% (34)

luminosity states (when gravitational torques cannot jglev ) , . L

a mechanism to drive large amounts of gas to the centralBY redshiftz=0, most of these quasars will be “dead,” with

regions of the galaxy) in order to describe such phases. only a small residual fraction having been activated in the r
However, it has been suggested that the rapid “blowout” C€Nt past. , _ _

phase and subsequent decay in accretion rates seen in ouy Using our log-normal form for(Lpeay, with normaliza-

simulations, coupled with spectral modeling of radiatvel tOn . ang dispersiorv, held constant and only the me-

inefficient accretion modes, can explain the apparently bi- dianL. =L, exp . 7) evolving with redshift, this integral can

modal distribution of low-redshift accretion ratés (Cao & X Pe evaluated numerically to give the space density of relic

2005). Moreover, present-day, relaxed ellipticals areoked ~ quasarsi(Lpeay. Finally, we useVig,,(Lpead, roughly the Ed-

to have mass accretion rated 0™ implying a long relaxation ~ dington mass of the given peak luminosity (but determined

time at moderate and low accretion rates, qualitativelylaim ~ more precisely in £2]14) to convert frorm@ pear) /d 10gL peak

to that seen after the “blowout” in our modeling (Hopkins et to dn(Mgp)/dlogMgy. This formulation implicitly assumes

al. 2005f). A pure exponential decay in accretionrate dfter  that black holes do not undergo subsequent mergers after the

peak quasar phase would give= M /Mggq ~ exp (ty /to) at initial quasar-producing event. However, this effect ddou

present, wherg; is the Hubble time ant}, is the quasar life- ~ be small (a factors 2) as subsequent mergers would be dry

time of order e.g. the Salpeter tirhg= 4 x 107 yr, yielding an (gas poor). We explicitly calculate the effects of dry merg-

unreasonably low expected accretion rdte- 107145, Even ers on the spheroid mass function (essentially a rescafing o
the black hole mass function calculated here) in Hopkinslet a
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(2005E), and show that this is a small effect (significarasl

Our estimate for the relic black hole mass distributionafhi

than the uncertainties owing to our fit to the quasar luminos- black line) also agrees well with observational estimates,
ity function) even assuming the maximum dry merger rates of with all observations within the range allowed by the dr-

e.glvan Dokkuin (2005).
This mass function can then be integrated odbtsy to
give the total present-day black hole mass denpily, Ne-

glecting temporarily the small correctionsMéH(Lpeak) from
§[Z3, we expect

LpeaktS

Min ~ Medd(Lpea) = —o (35)
€C
wherets/e,c? ~ 2.95x 10°Mg, /L, so therefore,
t
PBH = % / LpeakN(Lpeay) d10gL peak (36)
r

This can be combined with the integral over redshift for
N(Lpea, Qiving, at eachz, a pure Gaussian integral over

l0g (Lpeay, in the form
LgtS&e%(a*lnlO)Z/ € dz

PBH =

€C% Ho (1+2)H(®@)
Lo ts N, 1
— * A3(oxIn 10)2 LT KT
kL e c? Hp e (ek ¢ )’ (37)

whereH (2) = H(2)/Ho andry is the fractional lookback time

at some upper limit. We must modify this integral above cjes.

rors of our fitting to the luminaosity function (dotted lines)
The observations shown are again flom Marconi et al. (2004),
based on the combination of observations| by Marzkelet al.
(1994), [Kochanek et Al.| (2001),__Nakamura et al._(2003),
Bernardi et al.[(2003), and Sheth et &l. (2003). The high mass
end of the black hole mass functidgy > 10°M, is rel-

atively sensitive to whether or not we apply tN%H(Lpeak)

corrections of §2]4, instead of takiMﬁH = Medd(Lpear (thin
line), as well as to our fitting procedure. However, the agree
ment is still good, and this is also where the observatiosial e
timates of the mass distribution are most uncertain, asahey
generally extrapolated to these masses, and are sensitive t
assumed intrinsic dispersions in gy — o andMgy — Lpuige
relations|(Yu & Tremairle 2002).

If, instead, we adopt a light-bulb, constant Eddington
ratio, or exponential light curve model for quasar evolu-
tion, we would havel\/l,;H & Lpeaw and thus the prediction
would be similar to the thin black line shown, a some-
what worse fit at high black hole masses. However, in
these models this can be remedied by adjusting the typi-
cal Eddington ratios, quasar lifetimes, or radiative effici
We do not show the range of predictions of these

z~ 2 to account for the decreasing space density of brightmodels for the relic supermassive black hole mass func-

quasars, applying either our density or peak-luminosity ev

tion, as they have been examined in detail previously (e.g.,

lution turnover from &312, but quasars at these high retishif [Salucci et al1999; Marconi & Salvafi 2002; Yu & Tremaine
contribute only a small fraction to the present-day density 2002 Ferrarele 2002; Aller & Richstéine 2002; Marconi bt al.

Thus, in this formulation, the evolution of the total supasn
sive black hole mass density, i@n(2)/psn(z=0), is given

2004 Shankar et &l. 2004). These works demonstrate that the
observed quasar luminosity functions are consistent waih t

approximately by the dimensionless integral above, and de-relic supermassive black hole mass function, given typial
pends only on how, evolves, essentially the rate at which djative efficiencies, ~ 0.1 and Eddington ratios 0.5-1.0,
the break in the quasar luminosity function shifts. Althbug and that most of the mass of black holes is accumulated in

this is not strictly true if we include correctionsM)éH(Lpeak)

bright, observed phases, or else the required radiative effi

based orpear the difference is small and this behavior is es- ciency would violate theoretical limits.

sentially preserved. Note that the total supermassivekblac

That our model of quasar lifetimes and obscuration repro-

hole mass density is independent of corrections from sub-duces the observed= 0 supermassive black hole mass func-
sequent dry mergers, which (being gas poor) conserve totation explicitly demonstrates that we are consistent withsth

black hole mass.

constraints. By choice, the radiative efficiency in our danu

Figure[22 shows our prediction for the mass distribution tions ise; = 0.1, and accretion rates are not allowed to exceed
of supermassive black holes, as well as the total densityEddington. As noted inB 4, most of the black hole mass is ac-

pey and its evolution with redshift.
black hole mass density gk = 2.9723 x 10°Mg Mpc™3, in
agreement with the observational estimatepgfi = 2.9 +
0.5h3, x 10°Mg Mpc3, by [Yu & Tremaink [(2002) o7 =
Ho/70kms*Mpc?; their result is converted fror = 0.65),
and within I of the valuepgy = 4.6'15h% 5 x 10°Mg Mpc™3,

We find a total relic cumulated and radiant energy released in the final, “blovout

phase of quasar evolution, and here our black hole mass func-
tion and cumulative black hole mass density demonstrate tha

our modeling is consistent with integrated energy and mass
arguments such as thatlof Soltan (1982), despite the fact tha
quasars spend motéme in obscured phases than they do

of Marconietal. [(2004), based on the observations of in bright optical quasar phases. In fact, comparison of our
Marzke et al.[(1994], Kochanek el al_(2bd1), Nakamuralet al. Predicted total black hole mass density with estimates from

(2003),[Bernardi et al[(2003), ahd Sheth etal_(2003). Thethez=0 black hole mass distribution allows some latitude

fractional evolution ofpgy with redshift is quite well con-

for significant mass gain in radiatively inefficient growth o

strained, and we find, as with previous estimates, that nfost o Plack holes in small, disky spheroids, although we empleasiz
the present-day black hole mass density accumulates at modhat this is mainly because the uncertainty in our preduato

erate to low redshiftg ~ 0.5-2.5. The b errors are shown

large, it is not inherent or necessary in our modeling.

as dotted lines in the figure, and are close to our best-fit es- The anti-hierarchical nature of black hole formation, veher
timate, as we have demonstrated that this quantity dependgess massive black holes are formed at lower redshift, is re-

only on k., the rate of evolution of the break in the lumi-

nosity function with redshift, which is fairly well-constined

by observations (from our fitting to the luminosity functign
k. =5.61+0.28). The difference imgy if we include or ne-

glect the small corrections ﬂméH is negligible compared to
our errors £ 5%).

flected in our modeling by the shift of the break in the quasar
luminosity function to lower values with decreasing redishi
This can be seen in Figufel22, where the black hole mass
distributions are shown at redshifts= 1.5, 3.0 and 50, as-
suming either pure peak luminosity evolution or pure den-
sity evolution forz > 2 (dot-dashed and dashed, respectively).
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FIG. 22.— Right: Total predicted quasar relic black hole masssitig and evolution of the fractional black hole mass dgnsith redshift. Dotted lines show
the difference resulting fromaldeviation in fittedri(Lpeay) from the luminosity function. Left: Predicted presers O relic mass function (thick black line), for
comparison with the & range (yellow) of the inferred supermassive black hole niasstion fromMarconi et 41.L(2004). Also shown are the resgiven br

errors in the fittedi(Lpeay) distribution (dotted lines), or ignoring the small cotiens to MéH(Lpeak) from §[Z3 (thin black line). Dot-dashed lines show the
predicted mass function at= 1.5, 3.0, 5.0 (blue, green, and red, respectively). The extensiorzs>® includes the turnover (pure peak luminosity evolution
form) in the quasar space density abawe2 from high-redshift luminosity functions described iiL&.3except for the dashed green and red lines which use the
pure density evolution form.
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FIG. 23.— Fractional number densitfM, z)/n(M, z = 0) of black holes of a given mass as a function of redshift,skveral different black hole masses
as shown. Foe > 2 this includes the turnover (pure density evolution form}jhe quasar space density abave 2 from high-redshift luminosity functions
described in &312. Left panel shows the results using ounfatlel of quasar lifetimes, right panel assuming a “lighte or exponential (constant Eddington
ratio) light curve model. The yellow dot-dash @M ) and red triple-dot-dash (3®0M) curves are nearly identical in the right panel.

While the choice for the turnover in the> 2 quasar den-  pared to lower-mass black holes.

sity matters little for thez < 2 black hole mass functions, The right panel of Figuré_23 compares our prediction
the lowMpgy distribution at high redshift (where observations to that of a light-bulb or exponential light curve model
do not constraimi(Lyear) Well) is quite different between the for quasar lifetimes. In these models, the anti-hierawdhic
two models. Figur€23 plots the fractional number density nature of black hole assembly is dramatically suppressed.
of black holes of a given mass as a function of redshift, i.e. At the high-mass end, there is no measurable difference
n(M, 2/n(M, z = 0), wheren(M) = dn/dlog(M) is just the in the distribution of formation redshifts (i.e. thegy =
number density at madg. This figure demonstrates that 10°M. and Mgy = 10*°M,, curves are indistinguishable),
higher-mass black holes originated over a larger rangedsfre and there is little change in the formation timesMgy =
shifts, and that they mostly formed at higher redshift, com- 10®M.,. The shift in formation redshift at lower masses,
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although significant, is smaller than that predicted in our have resolved most or all of the X-ray background into
model. If spheroids and black holes are produced to- discrete sources, primarily obscured and unobscured AGN
gether, as in our picture, these models of the quasar life-(Brandt et al! 2001}, Hasinger ef al. 2001; Rosati et al. 2002;
time would imply that spheroids of massi&;; ~ 10t - Giacconi et al[ 2002t Baldi etlal._2002). The X-ray back-
10'3M,, all formed over nearly identical ranges of redshifts, ground, however, has a harder X-ray spectrum than typical
which is inconsistent with many observations indicatint-an  quasars, with a photon indéx~ 1.4 in the 1-10keV range
hierarchical growth of the red, elliptical galaxy popubeti (Marshall et all 1980). Therefore, obscured AGN are impor-
(e.g., . Treu et all 2001; van Dokkum et al. 2001; Treu =t al. tant in producing this shape, as absorption in the ultrawiol
2002;|van Dokkum & Stanford _2003;_Gebhardt etlal. 2003; and soft X-rays hardens the observed spectrum. Indeed, pop-
Rusin et al! 2003; van de Ven ef al. 2003;_Wuyts et al. 2004; ulation synthesis models based on observed quasar lurtyinosi
Treu et all 2005; Holden etlal. 2005; van der Wel et al. 2005; functions and involving large numbers of obscured AGN have
di Serego Alighieri et al. 2005; Nelan et al. 2005). Implica- been successful at matching both the X-ray background in-
tions of our model for the red galaxy sequence are consideredensity and spectral shape (Madau et al. 1994; Comastri et al
in IHopkins et al. [(200%e), where we show that this weaker|199%; Gilli et al. 1999, 2001). However, these models make
anti-hierarchical black hole (and correspondingly, sphbr arbitrary assumptions about the ratio of obscured to unob-

evolution is inconsistent with observed luminosity funats, scured sources and its evolution with redshift, choosiegeh
color-magnitude relations, and mass-to-light ratios G quantities to reproduce the X-ray background. Furthermore
cal galaxies. as X-ray surveys have been extended to higher redshifts, it
Our modeling reproduces the observed total density andhas become clear that both the observed redshift distoibuti
mass distribution of supermassive black holez at0 with of X-ray sources and the ratio of obscured to unobscured
black holes accreting at the canonical efficieacy 0.1 ex- sources is inconsistent with that required by these models

pected for efficient accretion through_a_Shakura & Surlyaev (Hasingei 2002; Barger etlal. 2003). Even synthesis models
(19738) disk. Presumably, a large change;imwould give a based on higher-redshift X-ray surveys and using obsenvati
significantly different relation between peak luminosityda  ally derived ratios of obscured to unobscured sources, (e.qg.
black hole mass (for the sangeak MI;H x 1/¢), and thus U_e_da et all. 200_3) have invoked ad hoc assumptions about ad-
if the quasar lifetime remained similar as a function of peak ditional populations of obscured sources to reproduce the X
luminosity, this would translate to a shift in the black hole ray background shape and intensity.
mass function. The long obscured stage in black hole evolu- We can test our model by examining whether the quasar
tion does not generate problems in reproducing the blaak hol luminosity function, relic AGN mass distribution, and X-
mass density, and the final phases of growth are still in brigh ray background can be simultaneously reproduced in a self-
Optica| quasar Stages_ However, a |arge Compton-thick.popu CQnSIStent manner. Because our fo_rmulatlon_dgscrlbes the
lation of black holes at all luminosities (or even at somegean  birthrate of quasars with a peak luminosltyea it is most
of luminosities at or above the break in the luminosity func- useful to consider the integrated energy spectrum of such a
tion) (e.g.[Gilli et al[2001; Ueda etlal. 2003), or a largppo  quasar over its lifetime,
ulation accreting in a radiatively inefficient ADAF-type-so dt(L, Lpeay)
lution, as invoked to explain discrepancies in the X-raykbac vE, = /dtVLu(t) = /Vfu(L)L ~dlogL_ 0looL,  (38)
ground produced by synthesis models (Di Matteo 2t al.11999), ) _ g
would result in a significant over-prediction of the present” Where f, (L) is the bolometric correctionL{ = f,L). As
day supermassive black hole density. As we demonstrate ir@" example, FigurEP4 shows the integrated intrinsic spec-
ture for quasar lifetimes and evolutionary obscuratiori-sel and A5, described in Efz-l- The final black hole masses for
consistently reproduces the observed X-ray background.  these simulations ar#lg, = 7 x 10, 3 x 107, 3 x 10°, 7 x
Finally, we note that we reproduce the= 0 distri- 10°, and 2x 10°M, respectively. The integrated spectral
bution of black hole massemferred from the distribu- shape in the X-ray, in particular, is ultimately determined
tion of spheroid velocity dispersions_(Sheth €t al. 2003) an by the observationally motivated bolometric correctiorfis o
luminosity functions [(Marzke et Al._1994; Kochanek et al. IMarconi et al. [(2004), with a reflection component in the
2001;INakamura et Al. 2003), based on the obsekigg- X-ray determined following _Magdziarz & Zdziarski (1995),
o relation and fundamental plane for galaxy properties and, in the case of the observed spectrum, the distribufion o
(e.g.Bernardi et al. 2003; Gebhardt etial. 2003). Theegfor column densities calculated from the simulations. Using ou
since our modeling also reproduces the obseivied — o fits to the lifetime d/dlogL as a function of instantaneous and
(DiMatteo et al.| 2005| Robertson ef al. 2005b) and funda- peak luminosities, we can calculate the expectEd from
mental plane (Robertson et al., in preparation) relatiores,  the integral above. These integrated spectra are showr as th
implicitly reproduce the = 0 distribution of spheroid velocity ~ dot-dashed lines in the figure, and agree well with the actual
dispersions and spheroid luminosity functions, given aw b  integrated spectra of the simulations, demonstratingelfe s
sic assumption that the mergers that produce these spheroidconsistency of our model and applicability of our fitted dife

also give rise to luminous quasar activity. times.
This can be compared to idealized models for the quasar
7. THE COSMIC X-RAY BACKGROUND lifetime, where we allow the quasar to radiate just at itskpea
o inosi ~ f i ifetima?®
7.1. The Integrated Spectra of Individual Quasars luminosity Lpeak~ Ledd(Mgy) for some fixed lifetimeg. We

0 . .
Unresolved extragalactic sources, specifically obscureddeterm'neQ by demanding that the total energetics be correct,

AGN, have been invoked to explain the cosmic X-ray back- Lpeatd = Mg, 2. The predicted integrated energy spectra
ground (e.g|_Setti & Woltjer 1989). This picture has been are shown as the dashed lines, and under-predict the soft and
confirmed as deep surveys wi@handraand XMM-Newton hard X-ray energy output by a facter 1.5-2. This is be-
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FiG. 24.— Left: Integrated intrinsic spectra (thick solid l@)drom simulations A1, A2, A3, A4, and A5 (black, blue, gregellow, red, respectively), with
virial velocitiesVy;r = 80, 113, 160, 226 and 320kmst. The predicted integrated spectra from our model for quidstimes are shown as dot-dashed lines, and
the prediction of a “light bulb” model, where the same totaémy is radiated dt = Lyea as dashed lines. Integrated observed spectra are showin aslid
lines. Right: Integrated observed X-ray spectrum from tBesinulation (thick black ﬁne), compared with the integintrinsic spectrum, reddened by various
column density distributions: our fitte distributions from £2ZI3 (thick black dashed line), consigminosity-independent) lognormak distribution with
Nu = 1072 cm™ and on,, = 0.4,0.7, 1.0 (blue, green, and red dashed lines, respectively), anstaioiNyg = 1071, 10715, 1072, 10725, and 162 cm2 (thin
dot-dashed lines).

cause higher-luminosity quasars tend to have a largeidract lines). Even allowing for a distribution dfly values, the re-
of their energy radiated in the UV-optical rather than the X- sulting spectrum is a poor match to the observed one if that
ray (e.g.. Wilkes et al. 1994; Green ellal. 1995; Vignali ¢t al distribution is taken to be static (i.e. luminosity-indepent,
2003;| Strateva et al. 2005), reflected in our bolometric cor- as in traditional torus models, for example). We show the
rections. Thus, assuming that the quasar spends all its timaesults of reddening the intrinsic spectrum by such a (Gaus-
at Lpeak does not account for extended times at lower lumi- sian) distribution, varying the dispersiaf, = 0.4,0.7,1.0
nosity, where the ratio of X-ray to total luminosity is highe (blue, green, and red dashed lines, respectively), for daned
which would generate an integrated spectrum with a largercolumn densityNy = 10?2 cm™, the median column density
fraction of its energy in the X-ray. Assuming that the quasar expected arountpeakin this simulation. Therefore, the lumi-
undergoes pure Eddington-limited growth to its peak lureino  nosity and host system property dependence of both quasar
ity produces an almost identical integrated spectrum t® thi lifetimes and the column density distribution must be ac-
light-bulb model, as it is similarly dominated thy~ Ljeak counted for in attempting to properly predict the X-ray back
Of course, the intrinsic integrated energy spectrum of the ground spectrum from observations of the quasar luminosity
simulations is not what determines the X-ray backgrountl, bu function. Finally, note that the hard cutoff in the obsertd
rather the integrateabservedpectrum s the critical quantity.  spectra at 912A owes to our calculated cross-sections being
This is shown as the thin lines in the left panel of Figlitk 24, incomplete in the extreme UV. Properly modeling the escape
and in detail for our fiducial A3 simulation in the right panel fraction and observed emission at these frequencies, while
of the figure (thick solid line). Along a given sightline, the important for the X-ray background, is critical to calculat

observed integrated spectrum will be ing the contribution of quasars to reionization, and reggiir
dE L. (t) a more detailed modeling of scattering and absorption,-espe
v d(; :/muZT e (0, (39) cially in the bright optical quasar phase.
wherer, is the optical depth at a given frequency. We can 7.2. The Integrated X-Ray Background
integrate over solid angle and obtain Given the volume emissivity, (2) (per unitcomovingvol-

B at (L, Lpea) ume) of some isotropic process at a given frequency at ritdshi
VE, obs= /Vfu<e ™)L ~dloal dlogL, (40) z, the resulting background specific intensity at frequency
9 atz=0is (Peacock 1999)
where (e77~) is the averaged™™ over the column den- ¢ [ l(+2w.d
sity distribution P(Nu|L,Lpea. Using our fits to the col- lyy=— | —F/——=7-5—0z
umn density distribution and quasar lifetimes and calcu- 4m 1+2H(>
lating vE, ops as above, we reproduce the integrated ob- If we were to consider the emissivify per unit physical vol-
served spectrum quite well (black dashed line). For com- ume, there would be an extra factor of(2)~2 in the integral
parison, we show that it is not a good approximation to red- above. In £71, we determined the integrated observed en-
den the spectrum with a constey, giving the results for  ergyE, onLpeay Produced by a quasar with peak luminosity
Ny = 107, 1071°,1072,1072°, and 132 cm 2 (thin dot-dashed  Lpeak We have also inferred(Lpead(2) in 8[3.2, the rate at

(41)
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which quasars of peak luminosityeax are created per unit 1001
comoving volume per unit cosmological time. Therefore, the : -
comoving volume emissivity is just I S =

iv(@= / E. obs(Lpean) M(Lpear) d10gLpea (42)

or, expandingds,  obs,

j,,(z):/dlongeak/dlogL

dt(L7 Lpeak) .
“dlogL N(Lpeay)- (43)

If the column density distribution were independent.gfa

as is assumed in even luminosity-dependent torus models or
observationally determinead functions used for X-ray back-
ground synthesis (e.q@., Ueda elial. 2003), then we could com-
bine terms inLyeax and integrate over them. This simplifica-
tion, along with the definition of the luminosity function in i
terms ofLpeak gives the more traditional formula for the X- 1oof
ray background in terms of only the observed column density i
distribution and luminosity function,

1,@= [ dlogl g L (€™, (44)

However, as we showed in[&8.3 and_8] 7.1, neglecting the
dependence ohpeax is Not a good approximation at all lu- oE.
minosities and gives an inaccurate estimate of the intedrat i / 1
quasar spectrum; therefore, “purely observation-basga* s 1 10 100 1000
thesis models of the X-ray background will be inaccurate in Eneray (kev)

a similar manner to synthesis models with an inappropriate Fic. 25.— Predicted integrated X-ray background spectrumid{dsiack
model for the quasar lifetime. Essentially, this “averages line) from our model of quasar lifetimes and attenuatiorthvie peak lu-
the varying distribution of column densities Wtbeak- which minosity distributionri(Lpeay) determined from the luminosity function. Blue

nd red thick lines show the observed spectrum from Barcoais 200D)

changes the shape of the spectrum in a non-linear manner, eg’nd Gruber et Al[{1999), respectively. The shaded yellea diustrates the

pecially when integrated over varying bolometric correcs uncertainty in normalization between both samples (adtirely, 2> errors
as shown above. in the Barcons et al. 2000 normalization). The predictioivery 1o devia-

; i ; _ _tions in the fittedri(Lpeay distribution (dotted lines) and given th€Leay)
Flgure (upper panel) shows the predlcted X-ray back distribution determined from hard X-ray data only (dashed)lare shown in

ground spectrum from our full modeling of quasar lifetimes  ne ypper panel. Middle panel shows the prediction usingnoateling of
and obscuration (solid lines). We use our analytical fith® t  quasar lifetimes but different models of obscuration, lopenel the predic-
quasar lifetime and column density distributions as [0_§ 7.1 tion with a “light-bulb” or exponential (constant Eddingteatio) model and
above, as Figurie24 demonstrates that they accurately-repro?ierent obscuration models.

duce the actual integrated quasar X-ray spectra of the simu-

lations, and the analytical forms are integrated over atfiitu

nosities and redshifts. The dotted lines show the deviationsolid black line shows the prediction using our full model
resulting from shifting the parameters describing ourditte of quasar obscuration, and is identical to the solid blao& li
r(Lpeay distribution by - in either direction, although degen- in the upper panel. The observations are likewise shown in
eracies in the parameters suggest that the actual undgitain  an identical manner to the upper panel. The dashed black
the background prediction is smaller. The dashed line showdine is the prediction adopting the standard torus model for
the predicted X-ray background if we ignore the broadening quasar obscuration, and the dotted line adopts the receding
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of the Ny distribution across simulations, = 1.2) and in- (luminosity-dependent) torus model. These models produce
stead consider only the dispersion of an individual simoitet ~ the same overal- 30keV normalization, as this is relatively
at a given luminositydy,, = 0.4). unaffected by obscuration, but they predict a slighth20%)

These can be compared to the observations of Gruber et alhigher background at low energies, giving a slightly softer
(1999) (red curve, foE > 3keV) and Barcons etal. (2000) spectrum. This may appear counterintuitive, given that in
(cyan curve, fole < 10keV). We increase the normalization Figure[I2 these models tend to overpredict the number of
of thelGruber et al! (1999) spectrum to match that of the besthigh-column density sources, but this is because theselmode
estimate froni Barcons etlal. (2000) over the range of overlap predict a stronghpimodalcolumn density distribution, with
determined from combineASCA, BeppoSAXnd ROSAT  unobscured sightlines encountering negligible columrsiden
datato be 1@'38keVenm2s™tsrikevtat1keV. Theuncer- ties. These unobscured sightlines dominate the soft Xrray i

tainty in the normalization between the two sampte20%, tegrated spectrum, where the large column densities throug
is shown as the shaded yellow range (alternatively, thieerep the torus attenuate the quasar spectrum heavily. However,
sents thev 20 errors in theROSAThormalization). this net offset in the predicted background spectrum is gen-

In the middle panel of the figure, we calculate the predicted erally within the range of the systematic theoretical and ob
X-ray background using our full model of the quasar life- servational uncertainties, and can further be alleviayeb-
time, but with different models for quasar obscuration. The ing the parameters of the torus model to fit the X-ray back-
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ground spectrum (e.g. Treister & Urry 2005, although their have demonstrated, it is primarily because the deficit in pre
fits require a larger fraction of Compton-thibl ~ 10?°cmi? vious synthesis models can be attributed to their inabitity
sources than shown for even the receding torus model inproperly account for the dependence of quasar lifetimes and
Figure[I2). The feature af 5keV in the standard torus attenuation on both the instantaneous quasar luminosity an
model prediction is a consequence of assuming that “unob-the host system properties (peak luminosity). Our pictane,
scured” lines of sight encounter negligible column density the other hand, yields an estimate for the X-ray background
and does not appear if such sightlines encounter moderatspectrum that is simultaneously consistent with the oleserv
(~ 10?*cm™) columns. supermassive black hole mass distribution and total densit
The lower panel of the figure shows the predicted X-ray as well as the “luminosity-dependent density evolution* ob
background spectrum if we instead consider a light-bulb or served in X-ray samples_(Hopkins et al. 2005f). The back-
exponential light curve (fixed Eddington ratio) model foeth ground is primarily built up fromz ~ 2.5 to z~ 0.5, as is
quasar lifetime, again with various descriptions of quadar  evident from the evolution of the black hole mass density in
scuration. In such models, the predicted X-ray backgroundFigurd22, although a harder spectrum at low luminositigis wi
spectrum is independent of the quasar lifetime or character weight this slightly towards lower redshifts (where moredo
istic Eddington ratio assumed (see Equafioh 44). However,luminosity quasars are forming). Compton thick and relgxin
as shown in Figure24, these models do imply a different inte- low-luminosity sources are accounted for, not as largeg-ind
grated spectrum for quasars; i.e. different effective bltric pendent populations, but as evolutionary phenomena aentin

corrections for predicting the X-ray background. In pariée, ously connected to the “normal” quasar population.
in this model, the observed quasar spectrum at a given lumi- 8. DISCUSSION

nosity (averaged over the quasar population at that luminos L

ity) is the same as the “effective” quasar spectrum one would 8.1. General Implications of our Model

use to calculate thstal contribution to the X-ray background Our modeling suggests two important paradigm shifts in
from quasars of the corresponding observed or peak luminosinterpreting quasar populations and evolution:
ity, whereas this is not true in our model of quasar lifetimes (1) First, as proposed [n Hopkins ei al. (2005c), a proper ac-
The observations are shown in the same manner as the prezounting of the luminosity dependence of quasar lifetinass (
ceding panels. The black solid line shows the predictiohwit opposed to models in which quasars grow in a pure exponen-
this simplified model for the quasar lifetime, but still adiog tial fashion or turn on and off as “light bulbs”) implies a rev
our full model for obscuration as a function of instantareou interpretation of the luminosity function. The steep btigh
and peak luminosity, the dashed line assumes instead a starend (luminosities above the “break” in the luminosity func-
dard torus model for obscuration, and the dotted line assume tion) consists of quasars radiating near their Eddingimitdi
a receding torus for the obscuration. The variations amongand is directly related to the distribution of intrinsic jda-
different obscuration models are relatively small at most e  minosities (or final black hole masses) as has been assumed
ergies, and similar to those discussed above adopting tur fu previously. However, the shallow, faint end of the lumirpsi
model of quasar lifetimes. function describes black holes either growing in early etag

In all three cases, however, this model for the quasar life- of activity or in extended, quiescent states going into anco
time significantly under-predicts the X-ray background;-pa ing out of a peak bright quasar phase, with Eddington ratios
ticularly at the~ 30keV peak. This shortfall is well-known, generally betweeh~ 0.01 and 1. The “break” luminosity in
and earlier attempts (e.q., Madau et al. 1994; Comastr| et al the luminosity function corresponds directly to fheakin the
1995{Gilli et al[ 1999, 2001 Pompilio et 5 2000; Ueda étal birthrate of quasars as a function of peak luminos(tyseay).
2003) have generally had to invoke additional assumptions  This interpretation resolves inconsistencies in a num-
about large obscured populations or a strong increase in théver of previous theoretical studies. For example, semi-
obscured fraction with redshift, neither of which is coiesi analytical models of the quasar luminosity functions
with observations (e.gl._Hasinger 2D02; Barger =t al. 2003; (e.g.,[Kauffmann & Haehn&lt 2000; Haiman & Mehou 2000;
Ueda et al.l 2003[_Szokoly etlgl. 2004; Barger etial. _2005). Wyithe & | oebl2008) assume, based on simplified models for
The difference between the predictions of various quafr i the quasar lifetime, that quasars at the faint end of the-lumi
time models is, as explained above, attributable to thediff nosity function correspond to low final-mass black holew/(lo
ence between the integrated quasar spectrum produced in ouUl,eq~ L), presumably in small halos. Consequently, these
full model of the quasar lifetime (in which quasars spendjlon models overpredict the number of active low-mass blackshole
periods of time at low luminosities, with harder X-ray spec- (as estimated from radio source counts), especially at high
tra), and the integrated spectrum in these simplified quasaredshift, by orders of magnitude (Haiman, Quataert, & Bbwer
lifetime models, which is proportional to thastantaneous [2004), and overpredict the number of low-mass spheroids and
quasar spectrum, and therefore underpredicts the harg X-rared galaxies observed (Hopkins efial. 2005e).

portion of the spectrum by as much-a$0%. Moreover, both observations (McLure & Dunlop 2004) and
Our prediction of the X-ray background agrees well with comparison of the present-day black hole mass function with
the observed spectrum over the rangé-100keV. (At en- radio and X-ray luminosity functions (elg. Merloni 2004psu

ergies above 100keV it is likely that processes we have notgest anti-hierarchical evolution for the growth of supesma
included, such as those involving magnetic fields, conteibu sive black holes, where the most massive black holes were
significantly to the background.) Unlike previous syntBesi produced mainly at highe(> 2) redshift, and low-mass black
models for the X-ray background, we are able to do so without holes mostly formed later, which does not follow from ideal-
invoking assumptions about large Compton thick population ized descriptions of quasar lifetimes and the luminositycfu

or larger obscured populations at different redshifts. drt,p  tion (for a review, see e.g. Combes 2005).

this is because our modeling allows us to predict, based on A one-to-one correspondence between observed luminos-
r(Lpear) and our column density formulation, the population ity and black hole mass does produce anti-hierarchical be-
of Compton thick sources (see Figlird 12). However, as wehavior in some sense at the high-mass end, because the most
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massive black holes are formedzt 2-3 during the peak  black hole masses in early-type galaxies-al®®*M,, (e.g.,
of bright quasar activity and the quasar luminosity functio ISheth et 2ll 2003). Total (integrated) quasar lifetimes est
evolves to lower luminosities at lower redshifts (as is also mated from observations are inferred to increase with agere
the case for our model because the bright end of the lumi-ing black hole mass as we predict (Yu & Treméine 2002), and
nosity function is dominated by sources near their peak lu- furthermore, the Eddington ratios of observed quasar sssnpl
minosities). However, at black hole masses equal to or be-are seen to increase systematically with redshift, as tinpksa
low ~ 10°M,, (i.e. galaxies of stellar mass 10**M,), the becomes increasingly dominated by luminosities above the
evolution in the quasar luminosity function implies a rolygh  break in the luminosity function (MclLure & Dunlip 2004).
constant production of black holes with these masses at all Moreover, observations show that the evolution of the lu-
redshifts, which is inconsistent with observations of ggla  minosity function with decreasing redshift is driven by a de
spheroids indicating that typical ages increase with mass,crease in the characteristic mass scale of actively angreti
ruling out a large population of low-mass spheroids with black holes (e.gl,_Heckman ef al. 2004), which can be ex-
ages equal to or older than those of high-mass spheroidglained in our model by the relation of the observed lumi-
(e.g., . Treu et all 2001; van Dokkum ef al. 2001; Treu kt al. nosity function to thepeakin the distribution of active black
2002; lvan Dokkum & Stanford_2003; Gebhardt etial._ 2003; hole massesi(Lyeay). This observation, however, has caused
Rusin et all 2003; van de Ven el al. 2003; Wuyts et al. 2004; considerable confusion, as observations of both radietqui
Treu et all 2005; Holden etlal. 2005; van der Wel et al. P005; (Woo & Urry [2002) and radio-loud (O’Dowd etlal. 2002) lo-
di Serego Alighieri et &l. 2005; Nelan efijal. 2005). As demon- cal (low redshift) AGN indicate that nuclear and host lu-
strated in Figurd_a3, such a model does not produce anti-minosities are uncorrelated, implying that nuclear lursino
hierarchical growth or any age gradients within the high- ity does not depend on black hole mass (Heckmanlet al.
mass spheroid population, also inconsistent with observai2004), and therefore that the primary variable determining
tions. Even given observed “luminosity-dependent density the nuclear luminosity is the Eddington ratio, with the lumi
evolution” (e.g.. Page etal. 199i7; Mivaiji et al. 2000, 2001; nosity function spanning a broad range in Eddington ratios
[a Franca et all_200Z:_Cowie ef al. 2003; Ueda Ef al. 2003; (Hao et al! 2005). Furthermore, observations show that this
Fiore et al.| 2003; Hunt et Al 2004; Cirasuolo et fal. 2005; is not true of high redshift quasars, as both direct estimates
Hasinger, Miyaii, & Schmidt 2005), implying that the densi- of accretion rates (e.g., Vestergaard 2004; McLure & Dunlop
ties of lower redshift quasars peak at lower redshift, the in 2004) and the fact that their high luminosities would yietd u
ferred anti-hierarchical evolution if observed lumingsiti- reasonably large black hole masses rule out substantidily s
rectly corresponds to black hole mass (i.e. as in “lighbbul  Eddington accretion rates for most objects. Many previous
or “fixed Eddington ratio” models) is not strong enough to ac- empirical and semi-analytical models could not simultane-
countfor observed anti-hierarchical growth of the coroesp ously account for these observations. To explain just the lo
ing galaxy spheroids (Hopkins et al. 2005e). redshift observations, such models adopt tunable disioibsi
Furthermore, in these earlier models, a “break” in the lumi- of Eddington ratios fitted to the data. However, both these
nosity function is not necessarily reproduced (Wvithe & boe observations are consequences of our interpretation dfithe
2003), and the faint-end slope has no direct physical moti- minosity function, as observations of local AGN and the low-
vation. The break may be caused by feedback mechanismsedshift luminosity function are dominated by quasars welo
which set a characteristic turnover in both the galaxy massthe break in the luminosity function, which are undergoing
function and quasar luminosity function (e.g., Scannap&c  sub-Eddington growth and span a wide range of Eddington
Oh 2004; Dekel & Birnboim 2004), as in our modeling. The ratios, while observations at high redshift are dominatgd b
r(Lpeay distributions in our model and “light bulb” or “fixed  bright objects at or above the break in the luminosity fuorcti
Eddington ratio” models are comparable at and above thewhich are undergoing Eddington-limited (or near Eddington
break in the quasar luminosity function, and therefore makelimited) growth near their peak luminosity (seEl§ 5).
similar predictions for some observations at these luniinos  (2) The second paradigm shift indicated by our modeling is
ties. However, théaint-endslope has a different physical mo- that quasar obscuration is not a static or quasi-static geom
tivation in our model. Unlike the bright-end slope, which is ric effect, butis primarily avolutionaryeffect. The physical
determined directly by the active final black hole mass func- reasoning for this is simple: the massive gas inflows require
tion or peak luminosity distribution (in essentially all dels to fuel quasar activity produce large obscuring columnsd, an
of the quasar lifetime), the faint-end slope in our modeling so column densities are correlated with quasar luminosity.
is a consequence of the quasar lifetime as a function of lu-The basic picture of buried quasar activity associated thith
minosity, and is a prediction of our simulations and model- early growth of supermassive black holes and starburst-acti
ing almost independent of the underlying faint-end slope of ity has been proposed previously and studied for some time
the active black hole mass function or peak luminosity dis- (e.g..Sanders & Mirablel 1996; Fabian 1999), but our model-
tribution. IniHopkins et &l.L(2005f) we examine this in more ing allows us to describe the evolution of obscuration infa se
detail, and demonstrate that it predicts well the evolution  consistent manner, defining obscured and unobscured phases
the faint-end quasar luminosity function slope with reétshi appropriately and identifying dynamical correlationsietn
and the observed “luminosity-dependent density evoltition the column density distribution and instantaneous and peak
in many samples_(Page el fal. 1987; Miyaii € al. 2000, 2001; luminosities.
La Franca et al. 2002; Cowie efl al. 2003; Ueda eral. 2003; There is substantial observational support for this petur
Fiore et al.| 2003;_Hunt et Al. _2004;_Cirasuolo etlal. 2005; Point-like X-ray sources have been observed in many bright
Hasinger, Miyaji, & Schmidt 2005). sub-millimeter or infrared and starburst sources, with es-
Other observational evidence for our picture exists; for ex sentially all very luminous infrared galaxies showing ev-
ample in the observed distribution of Eddington ratios (seeidence of buried quasar activity (e.d., Sanders & Mitabel
8[), the distribution of low-redshift, active black hole ssas 1996;| Komossa et Al. 2003; Ptak etlal. 2003), indicating si-
(see §41B), and the turnover in the expected distribution of multaneous buried black hole growth and star formation



40 Hopkins et al.

at redshifts corresponding to peak quasar activity” (1)
(Alexander et &ll_2005a,b). The buried black holes in high-
z starbursting galaxies appear to be active but underneassiv
compared to the quiescent galaxy black hole-stellar méess re
tion (Borys et all 2005), implying that they are rapidly grow
ing in the starburst but have not yet reached their final nsasse
presumably set in the subsequent “blowout” phase. Simi-
larly, observations suggest that obscured AGN are signifi-
cantly more likely to exhibit strong sub-millimeter emizsi
characteristic of star formation, implying both that olbszl
black hole growth and star formation are correlated and that
obscuration mechanisms (responsible for re-radiatiorén t
submm and IR) may be primarily isotropic in at least some
cases (e.gl,_Page el al. 2004; Stevens et al.l 2005). Evidence
from quasar emission line structure (e.g.. Kuraszkiewicule
2000;I Tralh 2003), directly related to the inner broad-lige r
gion, suggests that isotropic obscuration of quasars can be
important, in contradiction to angle-dependent models. Fi
nally, many observations (e.Q., Steffen et al. 2003; Ued#dl et
2003; |Hasingern_2004;_Grimes, Rawlings, & Willott 2004,
Sazonov & Revnivisév_2004; Barger et al._2005;_Simpson
2005) indicate that the fraction of broad-line or obscured
quasars is a function of luminosity, which cannot be
accounted for in traditional static “torus” models (e.qg.,
Antonucdi 1993) or reproduced even by modified luminosity-
dependent torus models (Lawrence 1991), an observatibn tha
is explained by our model (sedB 4 for a detailed discussion).

Much of the obscuration in our modeling comes from large
scales, arising from the inner regions of the host galaxy on
scales~ 50pc or larger. While our resolution limits prevent
our ruling out the possibility of gas collapse to a densegc
scale torus surrounding the black hole, during the peak ob-
scured phases of the final merger, our simulations indicate
that these large scales dominate the contribution to the col
umn density, with quite large columns, which should be ob-
servationally testable. Indeed, this is suggested by thie ty
cal scales of obscuration in starbursting systems (e.deiSoi
et al. 1984a,b; Sanders et al. 1986, 1988a,b; for a review,
see e.g. Soifer et al. 1987), given that, as discussed above,
the dominant obscured phase of growth is closely associated
with a starburst as implied observationally (Alexanderdzt a
20054, bl Borys et al. 2005).

Observations of polarized light in intrinsically bright dg
Il AGN with unobscured luminosities typical of quasars (as
opposed to local, dim Seyfert Il objects in relaxed hostejsh
scattering on large scaleskpc, and in some cases obscura-
tion clearly generated over scales extending beyond the hos
galaxy in the form of distortions, tidal tails, and streamosi
interactions and major mergers (Zakamska 2t al.12004/ 2005)
The angular structure seen in these observations is censist
with our modeling. Moreover, in optically faint X-ray quassa
(e.g..Danley et al. 2005) it appears that obscuration is gene
ated by the host galaxies, and is directly related to hosixyal
morphologies and line-of-sight distance through the hHblsé
critical point is that, regardless of the angular structafe
obscuration, typical column densities are strongly evgvi
functions of time, luminosity, and host system properées
the observed distribution of column densities is dominated
by these effects, not by differences in viewing angle across
a uniform population. This is the case in our modeling as the
lognormal dispersion (across different lines of sight) atc
umn densities is, ~ 0.4 for a given simulation at some in-
stant, whereas typical column densities across simukstes
a function of instantaneous and peak luminosities, span sev

eral orders of magnitude froidq ~ 108—10?° cm™.

8.2. Specific Predictions of our Model

Our predictions include:

e Quasar Lifetimes: We find that for a particular source,

the quasar lifetime depends sensitively on luminos-
ity, with the observed lifetime in addition depending
on the observed waveband. Intrinsic quasar lifetimes
vary fromtg ~ 10f -1 yrs, with observable lifetimes

~ 10" yrs in optical B-band (Hopkins etlal. 2005a,b), in
good agreement with observational estimates (for a re-
view, see Martini 2004).

Luminosity Functions: Using a parameterization of the
intrinsic distribution of peak luminosities (final quasar
black hole masses) at a given redshift, our model of
quasar lifetimes allows us to reproduce the observed
luminosity function at all luminosities and redshifts
z=0-6. Although this is an empirical determination
of the peak luminosity distribution, it implies a new in-
terpretation of the luminosity function (Hopkins et al.
2005€), which provides a physical basis for the ob-
served “break” corresponding to the peak in the peak
luminosity distribution. Moreover, the faint end slope
is not determined by our empirical fitting procedure,
but instead by the dependence of the quasar lifetime
on luminosity, with its value and redshift evolution pre-
dicted by our modelingl (Hopkins etlal. 2005f). The
evolution of typical column densities in different stages
of merger activity produces a significant population
of obscured quasars, accounting for the difference be-
tween hard X-ray (e.gl, Ueda el al. 2003), soft X-ray
(e.g., [ Mivaji et al.| 2001), and optical B-band (e.g.,
Croom et all 2004) luminosity functions[&¥B.2).

Column Density Distributions: The evolution of the
column densities in our simulations reproduces the
observed distribution of columns in optically-selected
guasar samples, when the appropriate selection criteria
are appliedl(Hopkins et kl. 2005b), as well as complete
column distributions in hard X-ray selected samples
(8[3:3). Column density evolution over the course of a
merger yields a wider observed distribution of columns
than that produced across different viewing angles at a
given point in a merger.

Broad Line Luminosity Function and Fraction: Using
our simulations to estimate when quasars will be ob-
servable as broad-line objects (either based on the ra-
tio of quasar to host galaxy optical B-band luminos-
ity or the obscuring column density), we reproduce
the luminosity function of broad-line quasars in hard
X-ray selected samples as well as optical broad-line
guasar surveys, and the fraction of broad-line quasars
in a given sample as a function of luminosity, to bet-
ter precision than traditional or luminosity-dependent
(but non-dynamical) torus models which are fitted to
the data (§412). By providing an a priori prediction
of the broad-line fraction as a function of luminosity
and redshift which depends systematically on the typ-
ical quasar host galaxy gas fraction, we propose that
observations of the broad line fraction at different red-
shifts can be used to constrain the gas fraction of quasar
hosts and its evolution with redshift.
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e Active Black Hole Mass Functions: Using our pre-
scription for deciding when objects will be visible as
“broad-line” quasars, we predict the distribution of low-
redshift, broad-line and non-broad line active quasar
masses, in good agreement with observations from the
SDSS, with expected incompleteness in the observed
sample at lowgy < 10°M, black hole masses [§%.3).
This is a new prediction which can be tested in greater
detail by future observations, and our calculations allow
us to model the differences in active black hole mass
functions of the Type | and Type Il populations. The
width of the expected broad-line black hole mass func-
tion depends significantly on the model of quasar life-
times, enabling such measurements to probe the statis-
tics of quasar evolution.

Eddington Ratios: We determine Eddington ratio distri-
butions from our simulations, given the peak luminosity
distribution implied by the observed quasar luminosity
function. The predicted distribution, once the appropri-
ate observed magnitude limit is imposed, agrees well
with observations at both lowz k& 0.5) and high (15 <

z < 3.5) redshifts (b). As noted above, our inter-
pretation of the luminosity function explains seemingly
contradictory observations of Eddington ratios at dif-
ferent redshifts. There is even a suggestion (Cao & Xu
2005) that the evolution of quasars seen in our simula-
tions (with bright phases in mergers and extended re-
laxation after) can account for observations of bimodal
Eddington ratio distributions at~ 0 (Marchesini et ll.
2004), when coupled with an appropriate description
of radiatively inefficient accretion phases, althoughiitis
possible that many of these low-redshift black holes are
not fueled by mergers, especially in e.g. low-luminosity
Seyferts.

Relic Black Hole Mass Function: With our model for
guasar lifetimes, the luminosity function at a given red-
shift implies a birthrate of sources with given peak lu-
minosities, i(Lpeay, Which translates to a distribution

in final black hole masses. Integrating this over red-
shift, we predict the present-day mass distribution and
total mass density of supermassive black holes. They
agree well with observational estimates inferred from
local populations of galaxy spheroids. In our picture,
these spheroids are produced simultaneously with the
supermassive black holes they harbdi(§ 6). We demon-
strate that the integrated supermassive black hole den-
sity, quasar flux density, and number counts in differ-
ent wavebands can be reconciled with a radiative effi-
ciency¢ = 0.1, satisfying the constraints of counting
arguments such as thatlof Soltan (1982). Further, we
show in 8[(Z# and §411 that the corrections to such
observational arguments based on optical quasar sam-
ples are small (order unity) when we account for the
luminosity dependence of quasar lifetimes, despite an
extended obscured phase of quasar growth. In other
words, although a quasar spends more time obscured
than it does as a bright optical source, the total mass
growth and radiated energy are dominated by the final
“blowout” stage visible as a bright optical quasar.

X-ray Background: The integrated quasar spectrum
from our models of quasar lifetimes and column den-
sities as a function of instantaneous and peak luminosi-

ties can be combined with the birthrate of quasars with
a given peak luminosity to give the integrated cosmic
background in any frequency range. We predict both
the normalization and shape of the X-ray background
from ~ 1-100keV, with our modeling accounting for
guasar obscuration as an evolutionary process (with a
corresponding population of Compton-thick objects),
avoiding any need for arbitrary assumptions about ad-
ditional obscured populations [E¥.2). For any model
in which the quasar spectrum depends on luminosity or
accretion rate, we demonstrate that a proper modeling
of the quasar lifetime is critical to reproducing observed
backgrounds.

Correlation Functions: In Lidz et aAl. (2005), we predict
the quasar correlation function and bias as a function
of redshift and luminosity using our model, and com-
pare it to that expected using “light bulb” or exponential
light curves. As most quasars in our modeling have a
characteristic peak luminosity or final black hole mass
corresponding to the peak of thiglpeay distribution,
they reside in hosts of similar mass, and there is lit-
tle change in bias with luminosity at a given redshift,
in contrast to idealized models for the quasar lifetime
and luminosity function. Our predicted bias agrees well
with the observations of Croom eti€l. (2005), who also
find no evidence for a dependence of the correlation
on quasar luminosity at a given redshift, as we expect.
In fact,|Porciani, Magliocchetti, & Norberg (2004) and
Croom et al.|(2005) find that their observations can be
explained if quasars lie in hosts with a constant char-
acteristic mass- 2 x 10*M, (h=0.7). If we consider
their redshift range ~ 1-2, we predict the quasar pop-
ulation will be dominated by sources witheax= L. (2),

which givenM;H(Lpeak) and using thé/igy — Mpge rela-

tion of Wyithe & Loeb [2003) yields a nearly constant
characteristic host halo massl-2 x 10°M..,, in good
agreement. Similarly, Adelberger & Steidel (2D05) find
that the quasar-galaxy cross-correlation function does
not vary with luminaosity, implying with~ 90% confi-
dence that faint and bright quasars reside in halos with
similar masses and that fainter AGN are longer lived,
strongly disfavoring traditional “light bulb” and expo-
nential light curve models. Furthermare, Hennawi ét al.
(2005) find an order of magnitude excess in quasar clus-
tering at small scales 40h™1kpc, with the correlation
function becoming progressively steeper at sub-Mpc
scales, suggesting that quasar activity is triggered by
interactions and mergers.

Host Galaxy Properties: Because black hole growth
and spheroid formation occur together in our picture,
our modeling allows us to describe relationships be-
tween black hole and galaxy properties. For exam-
ple, we reproduce both the observddy — o relation
(DiLMatteo et all 2005; Robertson efal. 2005b) and the
fundamental plane of elliptical galaxies (Robertson et
al., in preparation). Since we also reproduce the distri-
bution of relic black holes inferred from the= 0 dis-
tribution of spheroid velocity dispersions or luminosity
functions using the observed versions of these relations,
our match to these relations indicates that we also re-
produce these distributions of host spheroid properties.
We consider this in detail in Hopkins et al. (2005€), and
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find that we are able to account for a wide range of host

Our model for quasar evolution makes a number of obser-

galaxy properties, including luminosity and mass func- vationally testable predictions:

tions, color-magnitude relations, mass-to-light ratios,
and ages as a function of size, mass, and redshift. With
our modeling of the quasar lifetime as motivated by our
simulations, the evolution and distribution of properties
of red-sequence galaxies and the quasar population are
shown to be self-consistent, which is not the case for
idealized models of quasar evolution.

Aside from an empirical estimate of the distribution of peak
quasar luminosities(Lpear, We determine all of the quantities
summarized above self-consistently from the input physics
our simulations, including a physically motivated dynaiuie
cretion and feedback model in which black holes accretesat th
Bondi rate determined from the surrounding gas, art®s of
the radiant energy couples thermally to that gas. Beyors thi
our simulations enable us to calculate the various prexfisti
abovea priori, without the need for additional assumptions or
tunable parameters.

We compare each of these predictions to those obtained us-
ing idealized descriptions of the quasar lifetime, i.eghli-
bulb” and exponential light curve (constant Eddingtonapti
models, and the column density distribution, i.e. standaudi
“receding” (luminosity-dependent) torus models. We fit all
these (along with our full model) to the observed luminos-
ity function in the same manner (allowing the same degree
of freedom to ensure that they all yield the same observed
luminosity function), and we fit the free parameters of these
tunable models (e.g. typical Eddington ratios and quagar li
times for the “light-bulb” or exponential models, typicalle
umn densities and torus scalings for the torus modet-
pendenthjto each observation to maximize their ability to re-
produce observations. However, we still find better agregme
between our model (with no parameters tuned to match obser-
vations) and the observations in nearly every case where the
tunable phenomenological model is not guaranteed to repro-
duce the observation by construction. The one exception is
the relic supermassive black hole mass function, for which
the predictions of our modeling and idealized lifetime miede
are essentially identical, reflecting the fact that in batkes
black hole growth is dominated by bright, optically observ-
able, high Eddington ratio phases.

Moreover, the best-fit parameters for the idealized mod-
els, when fitted independently to each observation, are not
self-consistent. For example, calculations of the blacle ho
mass function imply high Eddington ratibs- 0.5-1 (e.g.,

Yu & Tremainel 2002), and our fit to the active black hole
mass functionl(Heckman etlal. 2004) suggéstsl, but the
observed distribution of accretion shows a typital 0.3
(\Vestergaard 2004), and fitting to the broad-line fractisn a
a function of luminosity with our full obscuration model but
these lifetime models implies a lowér~ 0.05. Likewise,
fitting torus models to the X-ray background suggests typ-
ical column densities through the torus Nf ~ 10°°cm™
(e.g.,Treister & Urry 2005), while fitting to the observed-co
umn density distributions (Treister et al. 2004; Mainigrak
2005) suggests equatorial columig < 10°*cm™. Clearly
then, reproducing the observations listed above, and ticpar
ular doing so self-consistently, is not implicit in any mbde
which successfully reproduces the quasar luminosity func-
tion, even at multiple frequencies.

8.3. Further Testable Predictions of our Model

e Quasar lifetimes are only weakly constrained by obser-

vations (e.gl_Martini 2004), but future studies may be
able to measure both the lifetime of individual quasars
and the statistical lifetimes of quasar populations as
a function of luminosity. We describe in detail our
predictions for the evolution of individual quasars and
quantify their lifetimes in €1, and further predict the
distribution of both integrated and differential lifetisie

in an observed sample as a function of luminosity. This
should provide a basis for comparison with a wide
range of observations, with the most important predic-
tion being that the quasar lifetime should increase with
decreasing luminosity.

For a reasonably complete, optically selected sample
above some luminosity, the distribution of observed
column densities should broaden to both larger and
smallerNy values as the minimum observed luminosity
is decreased, as both intrinsically faint periods with low
column density and intrinsically bright periods with
high column density become observable.

Similarly, the Eddington ratio distribution should be a
function of observed luminosity, with a broad distribu-
tion of Eddington ratios down tb~ 0.01-0.1 at lumi-
nosities well below the break in the observed luminos-
ity function, and a more strongly peaked distribution
aboutl ~ 0.2-1 for luminosities above the break (Fig-

urel20).

In our interpretation, the bright and faint ends of the
luminosity function correspond statistically to similar
mixes of galaxies, but in various stages of evolution;
whereas in all other competing scenarios, the quasar
luminosity is directly related to the mass of the host
galaxy. Therefore, any observational probe that differ-
entiates quasars based on their host galaxy properties
such as, for example, the dependence of the cluster-
ing of quasars on luminosity, or the host stellar mass
and size as a function of luminosity (although we cau-
tion that this is somewhat dependent of the modeling
of star formation in mergers), can be used to discrim-
inate our picture from older models. We present a
detailed prediction of the quasar correlation function
based on our modeling for comparison with observa-
tions in Lidz et al. |(2005).

Our distributionri(Lpeay directly translates to a black
hole merger rate, as a function of mass, in our model-
ing, allowing a detailed prediction of the gravitational
wave signal from black hole mergers as a function of
redshift.

The broad line fraction as a function of luminosity, de-

fined by requiring that “broad-line” objects have an ob-

served B-band luminosity above a fractiég of that

of their host galaxy, is a prediction of our model quasar
and galaxy light curves. However, the uncertainties are
large, primarily because different observational sam-
ples have varying sensitivity to quasar vs. host galaxy
optical light. Furthermore, the host galaxy gas fraction
and fg_ are degenerate in these predictions — a well-
defined observational sample complete to sdgpecan
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constrain our modeling of quasar fueling and the rela- similar peak luminosity to generate a current bolometnigitu
tion between quasar and host galaxy light curves. In nosity. In practice, we calculate tRL |L,eay) distribution by
particular, such observations, either by measuring thesummingW(Lpeak Lpeak i) X P(L |Lpeak i), WhereLyeax is the
faint-end shape of the “broad-line” quasar luminosity mock quasar peak luminositlypea i is the peak luminosity
function or the mean “broad-line” fraction at a given lu-  of each simulation anal(Lyear, Lpeak i) is & Gaussian weight-

mino_sity as a function of redshift, can copstrain t.he gas ing factor (x exp(_logz(l—peak/l—peak 1)/2(0.059)). Knowing
fractions of quasar host galaxies and their evolution, es-the instantaneous bolometric luminosityand peak luminos-
sentially a free parameter in our empirical modeling. ity e, we then follow an identical procedure to determine
the joint distributionP(X |L, Lpeay Of €ach subsequent quan-
tity X, from simulations with similat. and Lpeax. We have
compared this with Monte Carlo realizations based on our fit-
ted probability distributions in this paper, and find thetess
tially identical results are achieved for e.g. the disttid of

L andLpear and column densities in phases of growth not near
peak luminosity. However, this modeling is not identical fo
e.g. the distribution of Eddington ratios and column déesit
aroundL ~ Lpear, Which reflects the fact that our fits to the
Eddington ratio distribution (El5) are rough and that our fits
to the column density distribution do not apply to the final
e Because the evolution of spheroids and supermassive blowout” phase of quasar evolution (as discussed in detail

black holes is linked in our modeling, with each affect- 8 S

ing the evolution of the other, we can also use the distri- For each mock quasar, we generate a peak luminosity, fi-

bution of observed quasar properties to predict galaxy nal (post-merger) black hole mass, instantaneous bolomet-
properties such as number counts, spheroid masses anfic luminosity, intrinsic (un-attenuated) B-bandL(, at v =
luminosities, and colors as a function of redshift. For 4400A), soft X-ray (0.5-2 keV), and hard X-ray (2-10 keV)
the calculation and discussion of these predictions, seeluminosity, observed (attenuated using the generatedroolu

Hopkins et al.|(2005e). density and the reddening/dust extinction modeling dbsdri

) in 8[Z2, with SMC-like reddening curves and extinction fol-

e In our model, the growth of supermassive black holes |g\ing e.g. Pei 1992, Morrison & McCammon 1983) B-band,

is dominated by galaxy mergers. Therefore, at any goft X-ray, and hard X-ray luminosities, column density of

given redshift, the mass (and as a consequence, luneytral hydrogen, column density of neutral+ionized hydro
minosity) function of galaxy mergers should have a gen and'instantaneous black hole mass. The intrinsic lumi-

similar shape to our distribution of quasar birthrates, nosities in each band are calculated using the bolometric co

N(Lpeay, distinct from the shapes of either the quasar rections described [nMarconi ef 4l (2004), which accoant f

or total galaxy luminosity functions. Indeed, prelim- he Juminosity dependence of the optical-to-X-ray luminos

inary observational estimates of both the merger |- ity ratio aox (as discussed in [E3.2), and then attenuated to

minosity function (e.gl. Xu et al. 2004; Conselice €t al. give the observed luminosities. We also provide intrinsid a

2003; [Wolf et al.| 2005) and quasar_host galaxy Iu- attenuated luminosities in each waveband using the canstan

minosity function (Bahcall et &l. 1997; Hamilton el al. - pojometric corrections df Elvis etlal_(1994), but we cantio

2002), primarily at low redshifts, appear be consistent tnat these are not calculated in a completely self-cormiste

with this expectation. Theoretically, it may be possi- manner, as our assumed bolometric luminosity function to

ble to predict the merger luminosity function using ei- hich we fit theri(Lyea distribution is based on using the

ther cosmological simulations or semi-analytical mod- |yminosity-dependent bolometric corrections. We do net di

els; we discuss this further in(§ 9. rectly calculate Eddington ratios, as these are definedrdiff
ently in many observed samples, but they should be calailabl

8.4. Mock Quasar Catalogs withythe giveyn luminosities a%d black holye masses.

In principle, our modeling can be used to predict the distri-  We calculate these quantities for a mock sample-dft®
butions of quasar luminosities in various wavebands, calum quasars at each redshift 0.2, 0.5, 1, 2, and 3. Most of
densities, active black hole masses, and peak luminofities these quasars are at luminosities orders of magnitude below
a wide range of observational samples, but it is impractical those observed, therefore for space considerations and be-
for us to plot predictions of these quantities for all poksib  cause our predictions become uncertain at low luminosities
sample selection criteria. To enable comparison with awide we retain only the 1®quasars with brightest bolometric lu-
range of observations, we have used our modeling and theminosities at each redshift. This introduces some uncytai
conditional probability distributions for these quargstifrom in our statistics at the lowest luminosities in any givendian
our simulations to generate Monte Carlo realizations obgua  but these luminosities are generally still well below thobe
populations, which we provide publicly via ftp served in most samples. At any luminosity, but especially at

At a particular redshift, we use our fittel peay distribu- the brightest luminosities, there is also a significant amiou
tion and our suite of simulations to generate a random pepula of effective “noise” owing to our incomplete sampling of the
tion of mock “quasars.” We first generate the peak luminosi- enormous parameter space of possible mergers, and decreas-
ties of each “quasar” according to the fittéil peay) at that  ing total time across simulations spent at large luminesiti
redshift. For each object, we then use the probability of be-which can be estimated from e.g. Figulgs 8 17. Finally,
ing at a given instantaneous luminosity in simulations with  at each redshift, we generate two distributions, refledfireg
~ 1o range inri(Lpeay), and roughly parameterizing the de-

e We also predict the distribution of active, low-redshift
black hole masses i% 4. These predictions can be com
pared to mass functions for active black holes from nu-
merous quasar surveys, which should include improved
mass functions of the entire quasar population complete
to lower luminosities as well as future mass functions
for the population of active broad-line AGN. We pro-
vide predictions for the black hole mass function of all
active quasars, and for just the “broad-line” population
(as a function of the survey selection).

4t p://cta-1tp. harvard. edu/ pub/ phopkKi ns/ qso_cat al ogs/
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generacies in our fit to the observed luminosity functiors an
uncertainty in the faint-end af(Lyea) — “Fit 1" has a lower
L. (lower peak imi(Lyeay), With a largeto,. (broademi(Lpeay)
distribution), and “Fit 2” has a highr, and smallet, (more
narrowly peakedi(Lpeay distribution). We show a few exam-
ple “quasars” from oue = 0.2 mock distribution in Tablgl1,
to demonstrate the format and units used.

8.5. Starburst Galaxies

Hopkins et al.

with determinations from X-ray samples_(Barger et al. 2005)
and recent Spitzer results in the mid and near-infrared-a2
(Martinez-Sansigre et al. 2005).

8.6. AGN not Triggered by Mergers

Some low redshift quasars (e.g. Bahcall et al. 1996) and
many nearby, low-luminosity Seyferts appear to reside in or
dinary, relatively undisturbed galaxies. Our picture foagar
evolution does not immediately account for these objects be

Although we do not yet model the re-radiation of absorbed cause we suppose that nuclear activity is mainly triggeged b

light by dust or the contribution of stellar light to quasaish
IR luminosities, including these in our picture for quasar-e

tidal torques during a merger.
This work is primarily concerned with the origin of the ma-

lution will enable us to predict luminosity functions in the jority of the mass in spheroids and supermassive black holes
IR and sub-mm and their evolution with redshift. We can at and as a consequence, the relation of this to the abundadce an

this point, however, estimate if our model for quasar lifets
and merger-driven evolution with(Lpeay is consistent with
the observed distribution of ultraluminous infrared gadax

evolution of quasars and the cosmic X-ray background. Based
on our present analysis, we believe that a merger-driven pic
ture can account for the main part of each of these, and, as

Naively, we might expect that since the obscured quasaephasdescribed earlier, that the most relevant phase in therfisto

has a duration up te 10 times that of the optically observable
quasar phase, there should-b&0 times as many ULIRGs as
bright optical QSOs. But, this neglects the complicatechitu
nosity dependent nature of quasar lifetimes.

of the Universe to these phenomena appears to have been at
moderate redshiftg,~ 2.5toz~ 0.5.

Our model does not exclude other mechanisms for trigger-
ing AGN and it is likely that a variety of stochastic or con-

Given that the bright quasars we simulate attain, duringtinuous processes are relevant to nuclear activity in undis

their peak growth phase, an intrinsic luminosity compagabl
to that of the host starburst, and that this period of peaktiro

turbed disks and residual low-level accretion in relaxest sy
tems. This is not contrary to our picture because most of the

has a similar duration to the starburst phase (see FIgire 13otal black hole mass density in the Universe is in spheroid-
andlDi Matteo et dl. 200%; Springel el Al. 2005b), we can es-dominated systems. The principal requirement of our model

timate (roughly) the ULIRG bolometric luminosity function
from our bolometric quasar luminosity function. Thus, the

is that AGN activity in undisturbed galaxies should not con-
tribute a large fraction of the black hole mass density in

more accurate comparison to the ULIRG luminosity func- the Universe, to avoid spoiling tight correlations betwéean

tion is with the hard X-ray quasar luminosity function, as

black hole and host galaxy properties and producing to@larg

this recovers (and at some luminosities can be dominated byg present-day black hole mass density in violation of the
“buried” quasars in starburst phases. This is only applica- Soltan (1982) constraint.

ble abovethe break in the luminosity function, where quasars

For example, if a molecular cloud passed through the cen-

are undergoing peak quasar growth. Below the break, quasarter of our Galaxy near Sgr A it is possible that the Milky
are, on average, sub-Eddington and can have luminositiés we Way would resemble a Seyfert for some period of time.
below that of their star-forming hosts (see Figlire 13), so we Alternatively, it has long been recognized that mass loss

expect our quasar luminosity function to be significantlgdsh
lower than the ULIRG luminosity function at these luminosi-

from normal stellar evolution of bulge stars or stellar elus
ters near the centers of galaxies can provide a continuous

ties. Note also that this does not imply that ULIRGs are all supply of fuel for low-level accretion (e.g.._ McMillan etial
AGN-dominated, as the starburst and peak AGN activity canl1981;MacDonald & Bailey 1981; Shull 1983). Typical galac-
be (and generally are) somewhat offset, but only says tleat th tic stellar mass loss rateM(~ 1Mq yr(101*My)™) yield

lifetime curves at the bright end should be similar.
Considering the luminosity function a = 0.15, then,
we expect ULIRG densitied®/dMpo ~ 3 x 1077 and 9x
108 Mpcmag? atL ~ 1.6 x 10'%L, and 25 x 10%°L,, re-
spectively. These estimates are consistent with the obderv
density in thelRAS 1 Jy Survey (Kim & Sanders 1998) at
a mean redshifz = 0.15, with d®/dMpe ~ 5 x 1077, 7 x
108 Mpc2mag? (rescaled to our cosmology), and as ex-
pected, our quasar luminosity function slope becomesfsigni

Bondi-Hoyle accretion rates 10°-10* of Eddington in re-
laxed, dynamically hot systems; and mass loss rates from O
and W-R starsNi ~ 10°°M yr1(10M)™) in young, dense
star clusters near the centers of galaxies with sufficielat co
gas for continued star formation can yield rates as high as
~ 1072 of Eddington.

Even though these fueling mechanisms do not involve
mergers, the scenario we have discussed might still be rele-
vant to the origin of these black holes. Of course, the black

icantly shallower than the observed 1 Jy survey luminosity holes and spheroids in disk-dominated systems may have pro-

function slope below. ~ 10*-10%L, roughly the break
luminosity of the luminosity function. We predict these éden

duced in a manner that did not involve mergers. Alternagivel
most of the black hole mass in these objects (which is small

sities to change with redshift according to the evolution of compared to that in spheroid-dominated galaxies) coulé hav

r(Lpea), decreasing by a factor 1.5 atz= 0.04, in good
agreement with the evolution of IRAS ULIRG luminosity
functions (Kim & Sandels 1998). Likewise, at~ 1-3,
we predict a mean space densiyL > 10Ly) ~ 1-3 x
10° Mpc 3, in agreement with the 5 x 10° Mpc™ density of

been assembled long ago in mergers with bright quasar phases
and then these “dead” quasars are resurrected sporadigally
other fueling mechanisms.

Independent of how these black holes were formed, ele-
ments of our modeling may still account for certain observed

such sources expected to reproduce the observed cumulativproperties of Seyferts. The observed Seyfert luminositgfu

source density 4 10*deg? of 1 mJy 85Qum SCUBA sources
(Barger et alll_1999). Furthermore, our prediction of the{ra
tion of buried AGN and its evolution with redshift agrees wel

tion appears to join smoothly onto the quasar luminositgfun
tion (Hao et all 2005). It is not obvious that this would be
the case if the two types of objects are produced by entirely
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distinct mechanisms. In addressing this, it is useful taasep nately, our modeling of quasar lifetimes implies that thatfa
rate the process by which gas is delivered to the black holeend quasar luminosity function is dominated by quasars with
from the subsequent evolution that determines the observegeak luminosities around the break in the luminosity func-
activity. In our picture, gas is delivered to the black hoje b tion, and can provide only weak constraints on the faint-end
gravitational torques during a merger, but other mechasiism Lpeax distribution. However, there is still hope, as for ex-
like bar-induced fueling may be important for objects sush a ample broad-line quasar activity is more closely assodiate
Seyferts. Regardless, the induced activity may be genéric, with near-peak luminosities, and thus probing the faird-en
black hole growth is self-regulated in the way we describe it of broad-line luminosity functions may in particular impeo
in our simulations. the estimates. Moreover, studies of the black hole mass dis-
In Hopkins et al. (2005f) we show that the faint end slope tribution (or the distribution of galaxy spheroids) as adun
of the quasar luminosity function in our model is partly de- tion of redshift, extending to small spheroid masses/vloc
termined by the time dependence of the “blowout” phase of dispersions probes the faint end WfLyea. Other tech-
black hole growth. We derive an analytical model for this us- niques, such as studies of faint radio sources at high red-
ing a Sedov-Taylor type analysis and show that the impact ofshift (Haiman, Quataert, & Bower 2004) can similarly con-
this feedback depends on the mass of the host. This analystrain these populations. Furthermore, the calculationisis
sis does not depend on the fueling mechanism, only on thepaper can be combined to better deterntifigeay, as, given
subsequent evolution. If this self-regulated growth agsptd a model for the quasar lifetime and obscuration, they al/der
Seyferts as well (for example if Seyfert growth is regulated from this fundamental quantity. Additional observatiotesits
by a balance between accretion feedback and the spheroid paf the modeling we have presented will provide an important
tential, as expected if these objects obey a sinMap —o means of constraining models for AGN accretion and feed-
relation), we would expect the Seyfert luminosity functton  back; for example, the faint-end slope of the quasar lifetim
smoothly join onto the quasar one, even if the fuel is deider depends on how the “blowout” phase occurs and could pro-

in a different manner. vide a sensitive probe of feedback models, enabling the-adop
tion of more realistic and sophisticated feedback presorip
9. CONCLUSIONS than we have thus far employed. Of course, improved con-

We have studied the evolution of quasars in simulations of straints on the luminosity function at all luminosities &jtn
galaxy mergers spanning a wide region of parameter space. Imiedshift remains a valuable means of testing theories cfaua
agreement with earlier work (Hopkins ei BI. 2005a), we find evolution.
that the lifetime of a particular source depends on lumigosi ~ Our simulations are based on isolated galaxy mergers, and
and increases at lower luminosities, and that quasar obscuthus do not provide a cosmological prediction for the distri
ration is time-dependent. Our new, large set of simulationsbution of peak luminositiegi(Lpeay, Merger rates, or mass
shows that the lifetime and obscuration can be expressed irfunctions - we instead have adopted a semi-empirical model,
terms of the instantaneous and peak luminosities of a quasain which we use our modeling of quasar evolution to deter-
and that these descriptions are robust, with no systemetic d mine these distributions from the observed luminosity func
pendence on simulation parameters. We have combined thesgon. While this allows us to predict a large number of ob-
results with a semi-empirical method to describe the cosmo-servables and to demonstrate that a wide range of quasar and
logical distribution of quasar properties, allowing us tedict galaxy properties are self-consistent in a model of merger-
a large number of observables as a function of e.g. luminosit driven quasar activity with realistic quasar lifetimestuite
and redshift. This approach also makes it possible to coenpar theoretical work in these areas should predict the didiohu
our picture to simpler models for quasar lifetimes and obscu of peak luminositiesi(Lyea) and its evolution with redshift.
ration. These quantities are to be distinguished from the disidhut

In the model we examine, quasars are triggered by merger®f observed luminosities, as the two are not trivially rethin
of gas-rich galaxies, which produce inflows of gas through our model or any other with a non-trivial quasar lifetime.
gravitational torquing, fueling starbursts and rapid klhole Although the quasar birthrate as a function of peak lumi-
growth. The large gas densities obscure the central blaek ho nosity will be, in general, a complicated function of galaxy
at optical wavelengths until feedback energy from the ghowt merger rates, gas fractions, morphologies, and otherrfacto
of the black hole ejects gas and rapidly slows further accre-we have parameterized it for comparison with the results of
tion (“blowout”). Quasar lifetimes and light curves are ron future cosmological simulations and semi-analytical nie.de
trivial, with strong accretion activity during first passagf This distribution is particularly valuable as a theordtmaan-
the merging galaxies and extended quiescent (sub-Eddingto tity because itis more directly related to physical galasopp
phases leading into and out of the phase of peak quasar activerties than even the complete (intrinsic) luminosity fuorct
ity associated with the final merger. The “blowout” phase in and additionally because theoretical modeling which ssgce
which the quasar is visible as a bright, near-Eddingtorcapti ~ fully reproduces thisi(Lpeay distribution is guaranteed to re-
source has a lifetime related to the dynamical time in the in- produce the large number of observable quantities we have
ner regions of the merging galaxies, which characterizes th discussed in detail in this work. We cannot determine the cos
timescale over which obscuring gas and dust are expelléd, bumological context in our detailed simulations of the refaly
the guasar spends a longer time at lower luminosities beforesmall-scale physics of galaxy mergers, and conversely, cos
and after this stage. These evolutionary processes have immological simulations and semi-analytical models canaet r
portant consequences which cannot be captured in models o$olve the detailed physics driving quasar activity in mesge
pure exponential or “on/off” quasar growth. However, our determination of quasar evolution as a functio

Our work emphasizes several goals for quasar and galaxyf peak luminosity or final black hole mass can be grafted
observations and theory. Observationally, it is important  onto these cosmological models to greatly increase the-effe
constrain the faint end of thpeakluminosity distribution;  tive dynamic range of such calculations. Combined with our
i.e. the low-mass active black hole distribution. Unfortu- modeling, this would remove the one significant empirical el
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ement we have adopted, and allow for a complete predictiontragalactic radio sources (e.g. Begelman, Blandford & Rees
of the above quantities from a single theoretical framework 1984; Rees 1984). It may seem counterintuitive that com-
In these efforts, we emphasize that the mergers relevant tqact objects with masses much smaller than those of galaxies
our picture are of a specific type. First, the merging gakxie could have such an impact, butitis precisely the concerdrat
must contain a supply of cold gas in a rotationally supported nature of matter in black holes that makes this idea plagsibl
disk. Hot, diffuse gas, as in the halos of elliptical galaxie Consider a black hole of mab4gy at the center of a spher-
will not be subject to the gravitational torques which drive ical galaxy of mas#lsp, with a characteristic velocity disper-
gas into galaxy centers and fuel black hole growth. Clearly, siono. The energy available to affect the galaxy through the
gas-poor mergers are also not important for this procegs. Se growth of the black hole will be some small fraction of its
ond, the mergers will likely involve galaxies of compargble rest-massEseeq~ etMgnc?. This can be compared with the

although not necessarily equal, mass, so that the grantti  binding energy of the galaxEping ~ Msphg'z_ Observations
torques excited are strong enough and penetrate deep enougfidicate thatMgy and Mspn are correlated and that, roughly
into galaxy centers to drive substantial inflows of gas. The Mgy ~ (0.002- 0.005Msph (Magorrian et al. 1998; Marconi
precise requirement for the mass ratio is somewhat ill-eefin & Hunt 2003). Therefore, the ratio of the feedback energy to
because it also depends on the orbit geometry, but mergerghe binding energy of the galaxy Beed/Esph > 1oef__zg§go,

with a mass ratio larger than 10 : 1 are probably not generallyfor an assumed efficiency of 1%; —» = €/0.01 and scaling
important to our model. Simulations of minor mergersinvolv  the velocity dispersion tesg = 0—/300 km/sec, as for rel-
ing galaxies with mass ratio§ 10 : 1 (e.g. Hernquist 1989;  atively massive galaxies. This result demonstrates that th
Hernquist & Mihos 1995) have shown that for particular or- supermassive black holes in the centers of spheroidal galax
bital geometries, these events can produce starburstsimi jes are by far the largest supply of potential energy in these
to those in major mergers, leaving behind disturbed rensnant objects, exceeding even the galaxy binding energy. When
with dynamically heated disks (e.g. Quinn et al. 1993; Mihos viewed in this way, if even a small fraction of the black hole
et al. 1995; Walker et al. 1996). It is of interest to estab- radiant energy can couple to the surrounding ISM, then black
lish whether black hole growth can also be triggered in minor hole growth is not an implausible mechanism for regulating
mergers, as these events may be relevant to weak AGN activgalaxy formation and evolution; in fact, it appears almast i

ity like that in some Seyfert galaxies or LINERs. evitable that it should play this role.

In summary, the work presented here supports the conjec- We thank our referee, David Weinberg, for many comments
ture that many aspects of galaxy formation and evolution cangnd suggestions that greatly improved this paper. We thank
be understood in terms of the “cosmic cycle” in Figlire 1. To Paul Martini, for helpful discussion, and Gordon Richandd a
be sure, much of what is summarized in Fidire 1 has been proalessandro Marconi, for generously providing data for abse
posed elsewhere, either in the context of observation®eorth  vational comparisons. This work was supported in part by
retical models. Our modeling of galaxy formation and evolu- NSF grants ACI 96-19019, AST 00-71019, AST 02-06299,
tion emphasizes the possibility that supermassive blatdsho and AST 03-07690, and NASA ATP grants NAG5-12140,
could beresponsiblefor much of what goes on in shaping NAG5-13292, and NAG5-13381. The simulations were per-
galaxies, rather than being bystanders, closing the IoBfin  formed at the Center for Parallel Astrophysical Computing a

ure[]. In this sense, black holes may be the “prime movers”the Harvard-Smithsonian Center for Astrophysics.
driving galaxy evolution, as has been proposed earlienfer e
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TABLE 1
MoOCK QUASAR DISTRIBUTION EXAMPLES
1|—peak 2MéH 3L 4MBH 5NH 6NHI 7|_|B 8|_iSX 9|_iH>< 10Lgbs llLOl))(S 12LE|bXS
10.6 6.1 8.5 6.1 205 201 7275 7468 7670 7274 74687670
10.4 6.4 8.7 6.0 222 220 7476 7670 7872 5860 75697872

Ipeak quasar bolometric luminosity, Ig@peak/Lo)
2Final (post-merger) black hole mass,jg@/IéH/M@)
Scurrent (at time of “observation”) intrinsic (no attenwat) bolometric luminosity, logy(L/Ls)
4Current black hole mass, lggMsH /M)
5Total (neutral+ionized) hydrogen column density along“titeserved” sightline, IogJ(NH/cm’z)
SNeutral hydrogen column density along the “observed” siigitlog, o(NH i /cm™ 2)
7Intrinsic (no attenuation) B-band luminosity, M_B/L@) wherelLg = vgl,g atvg = 4400A.
Calculated with the luminosity-dependent bolometric ections from (Marcom et al. 2004; left),
and constant (luminosity-independehty 11.8Lg _(Est et al. 1994; right).
8|ntrinsic soft X-ray (0.5-2 keV) luminosity, log(Lsx/Lo)-
Calculated with the luminosity-dependent bolometric ections from (Marconi et al. 2004; left),
and constant (luminosity-independehty 525Lsx (Elvis et al. 1994; right).
9ntrinsic hard X- ray (2-10 keV) luminosity, qu(LHX/ o)
Calculated with the luminosity-dependent bolometrlc ecotions from (Marconi et al. 2004; left),
and constant (luminosity-independehty 35.0Lyx (Elvis et al. 1994; right).
10«0pbserved” (with attenuation) B-band luminosity, 190"/ ). _
Left and right use luminosity-dependent and luminosityeipendent bolometric corrections, respectively,as
11«Opserved” soft X-ray luminosity, log(L%5/L ). _
Left and right use luminosity-dependent and luminosityeipendent bolometric corrections, respectively,gs
12«0bserved” hard X-ray luminosity, log(L2%/Le). )
Left and right use luminosity-dependent and luminosityeipendent bolometric corrections, respectively,,as.

The complete tables can be downloadettap: // ¢t a- T t p. har var d. edu/ pub/ phopKi ns/ gso_cat al 0gs/


ftp://cfa-ftp.harvard.edu/pub/phopkins/qso_catalogs/

