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ABSTRACT

The discovery of luminous quasars at redshift z ~ 6 indicates the presence of supermassive black holes (SMBHs)
of mass ~10° M, when the universe was less than 1 billion years old. This finding presents several challenges for
theoretical models because whether such massive objects can form so early in the ACDM cosmology, the leading
theory for cosmic structure formation, is an open question. Furthermore, whether the formation process requires exotic
physics such as super-Eddington accretion remains undecided. Here we present the first multiscale simulations that,
together with a self-regulated model for the SMBH growth, produce a luminous quasar at z ~ 6.5 in the ACDM par-
adigm. We follow the hierarchical assembly history of the most massive halo in a ~3 Gpc® volume and find that this
halo of ~8 x 10'2 M, forming at z ~ 6.5 after several major mergers is able to reproduce a number of observed
properties of SDSS J1148+5251, the most distant quasar detected at z = 6.42 (Fan et al. 2003). Moreover, the
SMBHs grow through gas accretion below the Eddington limit in a self-regulated manner owing to feedback. We find
that the progenitors experience vigorous star formation (up to 10* M, yr—!) preceding the major quasar phase such
that the stellar mass of the quasar host reaches 10'2 M, at z ~ 6.5, consistent with observations of significant metal
enrichment in SDSS J1148+5251. The merger remnant thus obeys a similar Mgg-M,q. scaling relation observed
locally as a consequence of coeval growth and evolution of the SMBH and its host galaxy. Our results provide a
viable formation mechanism for z ~ 6 quasars in the standard ACDM cosmology and demonstrate a common, merger-

driven origin for the rarest quasars and the fundamental Mgy-Mp,ge correlation in a hierarchical universe.

Subject headings: black hole physics — cosmology: theory — early universe — galaxies: active —
galaxies: evolution — galaxies: formation — galaxies: high-redshift —
galaxies: ISM — galaxies: starburst — methods: numerical —
quasars: general — quasars: individual (SDSS J1148+5251)

1. INTRODUCTION

Quasars rank among the most luminous objects in the universe
and are believed to be powered by SMBHs (e.g., Salpeter 1964;
Lynden-Bell 1969). They constrain the formation and evolution
of galaxies and SMBHs throughout cosmic time. The similarity
between the cosmic star formation history (e.g., Madau et al. 1996;
Bunker et al. 2004; Bouwens et al. 2004) and the evolution of
quasar abundances (e.g., Shaver et al. 1996) suggests an intrigu-
ing link between galaxy formation and black hole (BH) growth.
This is strengthened by tight correlations measured locally between
the masses of the BHs and the global properties of the spheroid
components of their hosts, such as their luminosities and masses
(Magorrian et al. 1998; Marconi & Hunt 2003), light concentra-
tion (Graham et al. 2001), and velocity dispersions (Ferrarese &
Merritt 2000; Gebhardt et al. 2000; Tremaine et al. 2002).

Distant, highly luminous quasars are important cosmological
probes for studying the first generation of galaxies, the star for-
mation history and metal enrichment in the early universe, the
growth of the first supermassive black holes (SMBHs), the role
of feedback from quasars and BHs in galaxy evolution, and the
epoch of reionization. The Sloan Digital Sky Survey (SDSS;
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York et al. 2000) has contributed significantly to the discovery of
high-redshift quasars. Currently, there are over 1000 quasars known
atzz4and 12atz= 6 (Fanetal. 2001, 2003, 2004, 2006). As re-
viewed by Fan (2006), quasars at z ~ 6 are characterized by (1) a
low space density (~ 10~ Mpc 3 comoving); (2) high luminosities
(absolute luminosity at rest-frame M, 5, 4 < —26), believed to
be powered by SMBHs of ~10° M_; (3) Gunn-Peterson absorp-
tion troughs (Gunn & Peterson 1965) in their spectra, which place
these quasars at the end of the epoch of reionization (e.g., Fan
etal. 2001; Becker et al. 2001; Djorgovski et al. 2001; Lidz et al.
2002; Songaila & Cowie 2002; White et al. 2003; Sokasian et al.
2003); and (4) a lack of evolution in the spectral energy distribu-
tion (SED) compared to lower redshift counterparts (e.g., Elvis et al.
1994; Glikman et al. 2006; Richards et al. 2006), which dem-
onstrates the existence of “mature” quasars at early times and
comparable metal enrichment in quasars at all cosmic epochs.
The most distant quasar known, SDSS J1148+5251 (hereafter
J1148+5251), was discovered by SDSS at z = 6.42 (Fan et al.
2003). It is extremely bright optically with M5, 4 = —27.8, and
deep imaging surveys in both optical and radio (Carilli et al. 2004;
White et al. 2005; Willott et al. 2005) show no sign of gravita-
tional lensing or other companions at the same redshift in the
vicinity. Over the past few years, this quasar has been extensively
studied at many wavelengths. Near-infrared (NIR) observations
by Willott et al. (2003) and Barth et al. (2003) imply a bolometric
luminosity of Ly, ~ 10'* L, powered by accretion onto an SMBH
of mass (1-5)x 10° M. Radio observations by Bertoldi et al.
(2003a) and Carilli et al. (2004) suggest that the host is a hyper-
luminous far-infrared (FIR) galaxy, with Lgr ~ 10'3 L, and these
authors estimate a star formation rate (SFR) of ~3 x 10° M, yr~!
by assuming that most of the FIR luminosity comes from young
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stars. Emission from carbon monoxide (CO) has been detected
(Walter et al. 2003, 2004; Bertoldi et al. 2003b) corresponding to
amass of ~2 x 10'% M. Dust has been seen by several groups
(e.g., Robson et al. 2004; Bertoldi et al. 2003a; Carilli et al. 2004;
Beelen et al. 2006) with an estimated mass of ~5 x 108 M. In
particular, Spitzer observations by Charmandaris et al. (2004)
and Hines et al. (2006) indicate that the dust is heated by an ac-
tive galactic nucleus (AGN). Furthermore, the detection of iron
by Barth et al. (2003), the carbon fine-structure line [C 1] by
Maiolino et al. (2005), and excess O 1 absorption by Becker et al.
(2006) indicates near-solar metallicity in the quasar host.

These observations raise many fundamental questions for mod-
els of quasar and galaxy formation: Where do such high-redshift,
luminous quasars originate? How do they form? What are the
mechanisms and physical conditions for SMBH growth? And,
do these quasar hosts obey the same SMBH-host correlations
as observed in the local universe?

Interpretations of various observations of J1148+5251 have
painted a rather conflicting picture for the formation site of the
quasar halo and the SMBH-host relationship. The low abun-
dance of these quasars leads to the view that they are hosted by
massive halos (210'3 M) in the rarest density peaks of the dark
matter distribution (Fan et al. 2003). However, it has been ar-
gued, based on the lack of companion galaxies in the field, that
this quasar may reside in a much lower mass halo in a less over-
dense region (Carilli et al. 2004; Willott et al. 2005). Moreover,
Walter et al. (2004) suggest, based on the dynamical mass esti-
mate from CO measurements, that J1148+5251 contains a small
stellar spheroid and that the SMBH may have largely formed
before the host galaxy. However, the detection of metal lines
(Walter et al. 2004; Barth et al. 2003; Maiolino et al. 2005), along
with dust (Bertoldi et al. 2003a; Carilli et al. 2004; Robson et al.
2004; Charmandaris et al. 2004; Hines et al. 2006; Beelen et al.
2006), indicates that the interstellar medium (ISM) of J1148+
5251 was significantly enriched by heavy elements produced
through massive star formation at rates of ~10° M, yr~! occur-
ring as early as z 2 10, and that large stellar bulges form before
accreting SMBHs undergo luminous quasar activity.

In an expanding universe that is dominated by cold dark mat-
ter (CDM) and is accelerated by dark energy, the ACDM cosmol-
ogy, the leading theoretical model for structure formation, assumes
that structure grows from weak density fluctuations amplified by
gravity, with small objects collapsing first and subsequently merg-
ing to form progressively more massive ones, a process known as
“hierarchical assembly” (for a review see, e.g., Barkana & Loeb
2001). The formation of galaxies and quasars is therefore deter-
mined by the abundance of dark matter halos, i.e., the number
density of halos as a function of mass and redshift. The most
widely used analytic model for the halo mass function was first
developed by Press & Schechter (1974) (hereafter PS), which is
based on Gaussian density perturbations, linear gravitational
growth, and spherical collapse of dark matter. Using the PS mass
functions, Efstathiou & Rees (1988) studied the abundance of
rare objects, such as luminous quasars at high redshifts. These
authors predicted a sharp “cutoff” of the quasar population at
z ~ 5. However, while the initial, linear growth of density pertur-
bations can be calculated analytically, the gravitational collapse
and subsequent hierarchical buildup of structure is a highly non-
linear process that can be followed only through numerical sim-
ulations. It has been shown by previous numerical studies (e.g.,
Jenkins et al. 2001; Sheth & Tormen 2002; Springel & Hernquist
2003b) and more recently by the state-of-the-art Millennium
Simulation by Springel et al. (2005¢) that the PS formula un-
derestimates the abundance of high-mass halos by up to an order
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of magnitude. Therefore, whether or not rare quasars such as
J1148+5251 can form in the ACDM cosmology remains an open
question and an important test of the theory.

To date, only a limited number of analytical or semianalytic
models have addressed the early formation of a 10° M, SMBH
atz ~ 6 (Haiman & Loeb 2001; Haiman 2004; Yoo & Miralda-
Escudé 2004; Volonteri & Rees 2005). These approaches use
merger trees of dark matter halos generated using the PS theory
and assume a BH accretion rate at or above the Eddington limit.
However, as discussed above, the PS-based approach may be
inaccurate. Moreover, it is not clear whether sufficient physical
conditions for such large accretion rates exist in quasar systems
as the hydrodynamics of the large-scale gas flow and feedback
from BHs have not been incorporated in earlier modeling.

It is believed that the growth of SMBHs is closely linked
to galaxy formation (e.g., Magorrian et al. 1998; Ferrarese &
Merritt 2000; Gebhardt et al. 2000; Graham et al. 2001; Tremaine
et al. 2002; Marconi & Hunt 2003; Haiman 2004; Kazantzidis et al.
2005; Li et al. 2007a) and that the growth is self-regulated by
feedback (e.g., Silk & Rees 1998; Hachnelt et al. 1998; Fabian
1999; King 2003; Wyithe & Loeb 2003; Di Matteo et al. 2005;
Springel et al. 2005b; Sazonov et al. 2005; Murray et al. 2005;
Wyithe & Loeb 2005). Remarkably, self-regulated models with
SMBH feedback in the form of thermal energy coupled to the
ambient gas have been demonstrated to successfully reproduce
many observations of galaxies, including the Mpy-o relation
(Di Matteo et al. 2005; Robertson et al. 2006b), galaxy colors
(Springel et al. 2005a; Hopkins et al. 2006¢), X-ray gas emission
(Cox et al. 2006a), elliptical kinematics (Cox et al. 2006b), the
fundamental plane (Robertson et al. 2006a), quasar properties
(Hopkins et al. 2005a, 2005d), luminosity functions (Hopkins et al.
2005b, 2005c¢, 2006b), populations (Hopkins et al. 2006a, 2006d,
2007b), and the luminosity function of low-level AGNs (Hopkins
& Hernquist 2006). Furthermore, these simulations of binary
mergers identify a plausible, merger-driven formation mechanism
for massive BHs and luminous quasars (e.g., Di Matteo et al.
2005; Hopkins et al. 2006a; Robertson et al. 2006b).

Here we present a model that accounts for the SMBH growth,
quasar activity, and host galaxy properties of the most distant
quasar known. In our scenario, the quasar and its host galaxy
form in a massive halo that originates from a rare density peak in
the standard ACDM paradigm, and they grow hierarchically
through multiple gas-rich mergers, supporting an average SFR
of ~103 M, yr~! that peaks at z ~ 8.5. Once the progenitors un-
dergo sufficient dynamical friction to coalesce, the multiple SMBHs
from the progenitor galaxies merge and exponentially increase their
mass and feedback energy via accretion. At z ~ 6.5 when the
SMBH mass exceeds 10° M, BH accretion drives a sufficiently
energetic wind to clear obscuring material from the central re-
gions of the system and powers an optically luminous quasar
similar to J1148+5251. We have devised a set of novel multi-
scale simulations, which include cosmological N-body calcula-
tions on large scales and hydrodynamic simulations of galaxy
mergers on galactic scales, coupled with the self-regulated growth
of SMBHs, enabling us to follow galaxy assembly and quasar
formation at z ~ 6.

This paper is organized as follows. In § 2 we describe our
computational methods and models, which include a set of large-
scale cosmological N-body simulations and hydrodynamical gal-
axy mergers along the merging history of the quasar halo. In
§ 3 we present the formation and evolution of the quasar and its
host galaxy, including the assembly of the galaxy progenitors,
star formation, and SMBH growth, as well as the SMBH-host
correlations and properties of the quasar such as luminosities and
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lifetimes. We discuss feedback from starburst-driven winds, quasar
abundances for cosmological models with different parameters, the
implication of BH mergers, and galaxies in the epoch of reion-
ization in § 4, and we summarize in § 5.

2. METHODOLOGY

Rare, high-redshift quasars originate in highly overdense re-
gions in the initial dark matter density distribution and grow
through hierarchical mergers, as predicted by the ACDM theory.
Simulations of high-redshift quasar formation must model a
large cosmological volume to accommodate the low abundance
of this population, have a large dynamic range to follow the hi-
erarchical buildup of the quasar hosts, and include the hydro-
dynamics of the gas flows in galaxy mergers. The cutting edge
Millennium Simulation by Springel et al. (2005¢) follows struc-
ture formation in a box with side length of 500 2~! Mpc using
21603 dark matter particles. It reproduces the large-scale galaxy
distribution as observed (Springel et al. 2006) and identifies an
early quasar halo candidate at z = 6.2 that ends up in the richest
cluster at the present day. However, even such a large dynamic
range still falls short of being able to follow the formation and
evolution of the rarest quasars observed at the highest redshifts.
Moreover, in order to address the properties of quasars and host
galaxies, gasdynamics and physical processes related to star for-
mation and BH growth must be included. To satisfy these require-
ments, we have performed a set of novel multiscale simulations
that enable us to resolve individual mergers on galactic scales and
retain the context of large-scale structure formation, as well as the
evolution of BHs and stars.

First, we perform a coarse dark matter simulation in a volume of
1 h=3 Gpc? designed to accommodate the low number density of
z & 6 quasars. The largest halo at z = 0, within which the descen-
dants of early, luminous quasars are assumed to reside (Springel
et al. 2005c¢), is then selected for resimulation with higher res-
olution using a multigrid zoom-in technique developed by Gao
et al. (2005). The merging history of the largest halo at z ~ 6,
which has reached a mass of ~5.4 x 10'2 4~! M, through seven
major (mass ratio <5:1) mergers between redshifts 14.4 and 6.5,
is extracted. These major mergers are again resimulated hydro-
dynamically using galaxy models scaled appropriately for red-
shift (Robertson et al. 2006b) and adjusted to account for mass
accretion through minor mergers. The simulations include pre-
scriptions for star formation (Springel & Hernquist 2003a) and
for SMBH growth and feedback (Di Matteo et al. 2005; Springel
et al. 2005b), as described below.

2.1. Code and Parameters

Our multiscale simulations were performed using the par-
allel, N-body/smoothed particle hydrodynamics (SPH) code
GADGET?2 developed by Springel (2005), which is well tested
in a wide range of applications from large-scale structure forma-
tion to star formation. For the computation of gravitational forces,
the code uses the “TreePM” method (Xu 1995), which combines
a “tree’” algorithm (Barnes & Hut 1986) for short-range forces
and a Fourier transform particle-mesh (PM) method (Hockney
& Eastwood 1981) for long-range forces. The PM method works
efficiently in large-scale cosmological simulations, while the tree
method provides accurate forces for the large dynamic range of
galaxy merger simulations.

GADGET?2 implements the entropy-conserving formulation
of SPH (Springel & Hernquist 2002) with adaptive particle smooth-
ing, as in Hernquist & Katz (1989). Radiative cooling and heating
processes are calculated assuming collisional ionization equilibrium
(Katz etal. 1996; Davé et al. 1999). Star formation is modeled in
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amultiphase ISM, with a rate that follows the Schmidt-Kennicutt
Law (Schmidt 1959; Kennicutt 1998). Feedback from super-
novae is captured through a multiphase model of the ISM by an
effective equation of state (EOS) for star-forming gas (Springel
& Hernquist 2003a). A prescription for SMBH growth and feed-
back is also included, where BHs are represented by collisionless
“sink” particles that interact gravitationally with other com-
ponents and accrete gas from their surroundings. The accretion
rate is estimated from the local gas density and sound speed us-
ing a spherical Bondi-Hoyle (Bondi & Hoyle 1944; Bondi 1952)
model that is limited by the Eddington rate. Feedback from BH
accretion is modeled as thermal energy injected into surrounding
gas, as described in Springel et al. (2005b) and Di Matteo et al.
(2005).

The simulations presented in this paper adopt the ACDM
model with cosmological parameters chosen according to the first-
year Wilkinson Microwave Anisotropy Probe data (WMAPI; Spergel
et al. 2003), (2, Qp, Q, A, 1y, 0g) = (0.3, 0.04, 0.7, 0.7, 1,
0.9). Here (), is the total matter density in units of the critical
density for closure, pgi = 3H02/ (87 G). Similarly, €2, and €2 denote
the densities of baryons and dark energy at the present day. The
Hubble constant is parameterized as Hy = 100 4 km s=' Mpc~!,
while og is the rms linear mass fluctuation within a sphere
of radius 8 A~! Mpc extrapolated to z = 0. We have also done
the same cosmological simulations with WMAP third-year res-
ults (WMAP3; Spergel et al. 2007), (2., Qp, Qn, ki, ng, 0g) =
(0.236, 0.042, 0.759, 0.732, 0.95, 0.74), for comparison.

2.2. Cosmological Simulations

The quasars at z ~ 6 have an extremely low comoving space
density, n ~ 107 Mpc >, and are believed to reside in massive
dark matter halos with M 210'3 M, (Fan et al. 2003). Cos-
mological simulations of quasar formation must therefore model
a volume of ~1 2~ Gpc3 to account for the rarity of such ob-
jects. However, in order to resolve a 10'> M, halo atz ~ 6 in a
cosmological simulation with uniform resolution, a dark matter
particle mass at least as small as 10" 4~! M, and particle num-
bers of >10? are required. Tracking the merger history of such
halos requires ~2 orders of magnitude higher resolution and
would be computationally prohibitive with standard techniques.

We achieve the mass resolution requirements for the merger
history of a 10'3 M, halo at z ~ 6 by means of a two-step re-
simulation. First, coarse dark matter cosmological simulations
are performed to identify a candidate halo for the quasar host.
A cubic volume Lyox = 1 27! Gpc on a side is simulated with
400° particles, achieving mass and force resolutions of mpy ~
1.3x10'2 h=' M, and e ~ 125 h~! kpc (comoving), respec-
tively. To generate the initial conditions, we use the Boltzmann
code CMBFAST by Seljak & Zaldarriaga (1996) to compute a
linear theory power spectrum for our chosen cosmology. A ran-
dom realization of the power spectrum is constructed in Fourier
space, sampling modes in a sphere up to the Nyquist frequency
of the mesh. The particle distribution is evolved forward in time
to z = 0 from its initial displacement at z = 30 determined using
the Zel’dovich approximation.

At the end of the simulation, halos are identified using a
“friends-of-friends” (FOF) group-finding algorithm (Davis et al.
1985) with a fixed comoving linking length equal to 0.2 times the
mean dark matter interparticle separation and a minimum of
32 particles per group (Springel & Hernquist 2003b). The mean
overdensity of the groups corresponds approximately to the ex-
pected density of virialized halos (Springel et al. 2005¢). From the
more than 126,000 groups identified in the 1 #~° Gpc? volume at
z =0, the largest halo with M(z = 0) ~ 3.6 x10'5 1~! M, is
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selected as a candidate halo for modeling the formation of a
quasar at z = 6.5.

A multigrid technique developed by Gao et al. (2005) and
Power et al. (2003) is used to ““zoom in”” with high resolution on
the selected halo region, which has an effective side length of
Lyox ~ 50 A~! Mpc. Large-scale tidal forces are captured by bin-
ning exterior particles into cells according to their distance from
the high-resolution region. To ensure proper treatment of small-
scale structure, the initial displacements of the high-resolution par-
ticles are calculated assuming a higher initial redshift of z = 69
and normalized to og at z = 0. The resimulation uses ~3503
particles, with ~3407 particles inside the high-resolution region.
With this technique, the mass resolution increases by almost 4 or-
ders of magnitude to mpy ~ 2.8 x 108 42~! M_,, while the spatial
resolution reaches e ~ 5 h~! kpc.

Figure 1 shows snapshots of both the coarse and high-reso-
lution zoom-in runs that locate the quasar halo candidate. In the
coarse run, the “cosmic web” is clearly seen, although the distri-
bution appears nearly homogeneous on such large scales. In the
zoom-in run, filamentary structures are prominent. Dark matter
collapses along the filaments, and the largest halo forms in the
deepest potential wells at the intersections of the filaments. The
high resolution of the zoom-in run enables the identification of
more halos with lower masses both atz = 0 and at high redshifts
as early as z ~ 17, which is sufficient to identify the halo pro-
genitors of the candidate quasar at z ~ 6. It appears that the halo
progenitor of the largest one at the present day is also the most
massive halo at z ~ 6, when it reaches a mass of M ~ 5.4 x
10'2 h~' M., making it a plausible candidate for hosting a rare
z ~ 6.4 quasar.

2.3. Halo Mass Functions with Different
Cosmological Parameters

The impact that variations in the cosmological parameters can
have on large-scale structure formation can be understood from
the theoretical mass function of halos, as derived by Press &
Schechter (1974) and later developed by Lacey & Cole (1993).
The comoving number density dn of halos of mass between M

and M + dM can be described as
b.(2)*
__Pe\E) 1
exp [ ZO’Z(M)‘| (D)

where py is the local mean mass density, 0.(z) is the critical den-
sity of collapse at redshift z linearly extrapolated to the present
day, and o (M) is the mass variance, which is a function of the
power spectrum P(k) with wavenumber & and the window func-
tion w(k), o2(M) = (11272) [ P(k)w?*(k) d*k. The abundance
of halos depends on the two functions (M) and 6.(z), each of
which involves the cosmological parameters, in particular og, €2,,,,
and 2. These parameters determine the formation epoch of a
halo and its mass.

The recently released WMAP3 results (Spergel et al. 2007)
have lower values of g, ny, and €2,,, compared to WMAP1 (Spergel
et al. 2003). The smaller og from WMAP3 would lower the am-
plitude of the power spectrum, which in turn reduces o(M'). Fur-
thermore, a smaller €2, would reduce 6.(z) and hence delay halo
formation. So, compared to WMAPI1, at a given redshift the
WMAP3 parameters would yield a lower abundance of halos
with mass My, 2 M., where M, is the halo mass corresponding
to the characteristic luminosity in the Schechter luminosity
function for galaxies (Schechter 1976), while for My, < M,, it
predicts a slightly larger halo abundance.

dn |2 py béc(z) |dIno
aM N7 M? o(M) |dInM

To test the sensitivity of our model to the new WMAP results,
we have performed the same set of cosmological simulations
with parameters from the WMAP3 measurements (Spergel et al.
2007). We find that indeed the changes implied by the new pa-
rameters primarily affect the formation time and the mass of the
candidate quasar halo. For the same random phases in the initial
conditions, the location of the most massive halo at z = 0 re-
mains the same in both the WMAP1 and WMAP3 runs, except
that its mass is reduced by a factor of ~1.6 for the WMAP3 pa-
rameters. Similarly, the mass of the largest halo at z ~ 6 is al-
tered by roughly the same factor. Other notable changes include
the following: (1) the formation epoch of the first halo is shifted
from z ~ 16.8 in the WMAPI run to z ~14.4 in the WMAP3
run, and (2) the merging history of the largest halo at z ~ 6
moves to lower redshifts in the WMAP3 run, but the number of
major mergers remains the same.

Figure 2 shows the halo mass functions from different cos-
mological simulations. The PS mass function (Press & Schechter
1974) and the one corrected to match numerical simulations by
Sheth & Tormen (2002; ST) are also shown for comparison. One
important feature in this figure is that the coarse runs agree well
with the ST mass function but show a larger comoving density at
the high-mass end than that predicted by the PS theory. Our re-
sults show that the PS formula underestimates the abundance of
high-mass halos by nearly an order of magnitude at z = 0, and
the discrepancy between the PS calculation and numerical sim-
ulations becomes larger at higher redshifts, confirming previous
findings (e.g., Jenkins et al. 2001; Sheth & Tormen 2002; Springel
& Hernquist 2003b; Springel et al. 2005¢). This may explain why
previous models using the PS formula to study the abundance of
luminous quasars, which presumably form in massive halos, under-
predicted the number of bright quasars atz > 5 (e.g., Efstathiou
& Rees 1988). Furthermore, these results also suggest that the
commonly used analytical merger tree generated using the PS
formula may not be suitable to study quasar formation at high
redshifts.

There are two clear “shifts” of the mass function caused by
resolution and cosmological parameters. Those from runs with
higher resolution extend to higher redshifts, and at the same
redshift, the WMAPI runs produce more massive halos than the
WMAP3 ones. As shown in Figure 2, the coarse runs produce
mass functions only up to z =~ 3 owing to limited mass resolution,
while the zoom-in runs can produce quite reasonable mass func-
tions as early as z &~ 14. Because the zoom-in runs were deliber-
ately centered on the highest density peak of the 1 4> Gpc® box,
they each contain a very massive halo (M > 10> M, atz = 0) by
construction. This explains why the highest mass bin (which
contains only one halo in this case) is ~2 orders of magnitude
larger than the theoretical curves (ST, PS), which apply only to a
random region that has a much lower density fluctuation.

To summarize, at a given redshift, runs with the WMAP3 pa-
rameters yield slightly less massive halos than ones performed
with the WMAPI1 values. Or, to put it differently, objects in
the WMAP3 cosmology will have masses similar to those for
WMAPI, but at slightly later times (i.e., lower redshifts). In
what follows, we are primarily concerned with investigating the
plausibility of forming z ~ 6 quasars through the self-regulated
growth of SMBHs in hierarchical mergers, rather than precisely
reproducing the properties of an individual quasar at a given
redshift, such as J1148+5251. Most of our results are therefore
based on runs with the WMAP1 parameters, to ease comparison
with previous numerical work. If it were firmly established that,
e.g., og 1s in reality smaller than its WMAPI1 value, then a more
exact match to a particular quasar could presumably be obtained
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planes; the red dot represents the center of mass of the quasar halo, which is the largest halo at both z = 0 and 6. The top panels show the coarse run atz = 0. The middle and bottom
panels show the zoom-in run at z = 6.06 and 0, respectively; the number at the lower left corner indicates the number of groups identified at that redshift.
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Fig. 2.—Halo mass functions from cosmological simulations with parameters from WMAP1 (leff) and WMAP3 (right) and with different levels of resolution corre-
sponding to our coarse (fop) and zoom-in (bottom) runs. The colored symbols indicate different redshifts, while the error bar shows the Poisson error v/N. The mass
functions from Press & Schechter (1974) (PS; dotted line) and Sheth & Tormen (2002) (ST; solid line) are also shown for comparison. Please note that in the bottom panels,
the analytical curves (ST and PS) apply only to a random region; they are not suitable for a highly overdense region where the most massive halos reside in the zoom-in box.
Thus, the high-mass end of the simulated mass function deviates significantly from the prediction; see text for more discussion.

by considering larger simulation volumes and identifying a suit-
able candidate host that is slightly rarer than the one we have cho-
sen to focus on here.

2.4. Merger Tree Construction

To follow the hierarchical mass assembly of the host galaxy
over cosmic time, the merger tree of the halo is extracted from
the cosmological simulation. This tree provides key information
for computing the physical properties of the progenitor galaxy
population. While the merger history of the halo includes a spec-
trum of progenitor masses, the most massive progenitors con-

tribute the majority of the halo mass over the redshift range con-
sidered. We trace the merger history of the most massive pro-
genitor at each redshift by using particle tags to identify progenitor
systems at earlier redshifts in the simulation. Groups that con-
tribute at least 10% of the halo mass at a given time step are
considered as the progenitors of the halo and are recorded. The
procedure is repeated until the last progenitor is reached, pro-
ducing the merging history.

Figure 3 illustrates the merging history of the largest halo at
z = 0 in our cosmological simulation, which has a mass of ~3.6 x
10 A= M. Tt is also the largest one at z ~ 6 with a mass of
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Fic. 3.—Schematic merging history of the largest halo at z = 0 traced by
mergers at different redshifts with mass ratio <10 : 1, which is defined as the mass
ratio between the halo and progenitor at a given time. Each of the progenitors joins in
this big merging event at a given redshift, interacts with the system, and subsequently
merges with others at later times. The quasar host at z ~ 6 is built up by seven suc-
cessive major mergers of progenitors G1, G2, . . ., G8 from z ~ 14.4 to ~6.0, as
illustrated by the red lines in this plot. The first interaction between G1 and G2
takes place atz ~ 14.4, then G3 and G4 join in the system at z ~ 13, followed by
G5, G6,G7, and G8 at later times (see text for more details). The time line of these
events, the mass, and other properties of these progenitors are listed in Table 1.

~5.4x10'? h~! M. This schematic plot outlines the redshift
of merger event and the mass ratio of the halo to its galaxy
progenitors at a given time. It shows that this halo grows rapidly
through hierarchical mergers early on, with seven major mergers
(mass ratio of the merging pairs <5:1) from z ~ 14.4 to ~8.5
that build up a substantial fraction of the halo mass at z ~ 6.

In modeling the development of a z ~ 6 quasar, we are pri-
marily interested in “major” mergers, where the mass ratio of the
merging galaxies is not too far from unity, for several reasons.
First, it is believed that major mergers play the most important
role in the formation and evolution of massive galaxies (e.g.,
Sanders & Mirabel 1996; Scoville et al. 2000; Veilleux et al.
2002; Conselice et al. 2003; Dasyra et al. 2006). Second, and of
greater concern to us in this paper, in our picture for quasar fuel-
ing, gas in a rotationally supported disk loses angular momentum
through gravitational torques excited by tidal forces in a merger,
driving the growth of SMBHs. This process operates most ef-
fectively in a major merger because the tidal deformation of each
galaxy is significant in such an event (Barnes & Hernquist 1991,
1992, 1996). Collisions involving galaxies with a mass ratio as
large as 10: 1 can induce gas inflows in disks (Hernquist 1989;
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Hernquist & Mihos 1995), but only for limited orbital config-
urations. For these reasons, we focus on mergers from the merger
tree having a mass ratio <5:1, as outlined by the red color in
Figure 3.

In the resimulation of the merger tree as described in § 2.5, we
take into account mass accretion of the halo by adding mass pro-
portionally to each of the eight progenitor galaxies in the major
mergers. This approach preserves the progenitor mass ratios and
approximately preserves the dynamics of the major mergers
(Dubinski 1998).

2.5. Simulations of Galaxy Mergers along the Tree

In order to model the formation, evolution, and properties of
the quasar candidate, the merger tree is then resimulated hydro-
dynamically with galaxy models that consist of an extended dark
matter halo, a rotationally supported, exponential disk of gas and
stars, and a central SMBH. We follow the evolution of the sys-
tem built up by seven major mergers hierarchically fromz ~ 14.4
to ~6, as shown in Figure 3. Technically, this is a series of suc-
cessive merger simulations. The first simulation includes G1 and
G2 interacting atz ~ 14.4. It stops at z ~ 13 and a new galaxy G3
is added into the system. During this process, all the dynamical
properties of the preexisting system (e.g., G1 and G2 in this case)
are preserved, while G3 is added based on its properties and or-
bital parameters derived from cosmological simulations. Then a
second merger simulation with G1, G2, and G3 starts. Such a pro-
cedure is repeated until all the progenitors enter the system. In the
end, the simulation includes all eight galaxies. Eventually all these
galaxies and BHs merge together. The duration of each merger
simulation is determined by the merger tree. The redshift at which
each progenitor galaxy enters the merger tree, the properties of
each progenitor galaxy, and the numerical parameters of the merger
simulations are listed in Table 1. Below we describe the specifica-
tion of these parameters.

2.5.1. Galaxy Models

The structure of the galaxy models is motivated from leading
theories of dissipational disk galaxy formation in CDM cosmol-
ogies that, as shown by Mo et al. (1998), are successful in repro-
ducing the observed properties of both present-day disk galaxies
and damped Lya absorbers in quasar spectra at high redshift.
The initial galaxy models are constructed in dynamical equilib-
rium using a well-tested method (Hernquist 1993; Springel &
White 1999; Springel 2000; Springel et al. 2005b). A halo is
identified with a virial mass M,;; and a virial radius R,; within
which the overdensity A = py/pcric = 200, where pg and pi; are
the mean and critical density, respectively. The density profile of
the dark matter halo follows a Hernquist profile (Hernquist 1990),
scaled to match that found in cosmological simulations (Navarro
et al. 1997), as described in Springel et al. (2005b):

M, vir a

7ty (2)

PHem(”) =

where a is a parameter that relates the Hernquist (1990) profile
parameters to the appropriate NFW halo scale length R and
concentration Cyir (Cyir = Ryir/R;),

a= RS\/Z[ln(l + Cyir) — Cyir/ (1 + Cyir)]- 3)

The exponential disks of stars and gas are then constructed as
in Hernquist (1993) and Springel et al. (2005b). The properties
of the galaxy, including the virial mass My, virial radius Ry,



194 LI ET AL. Vol. 665
TABLE 1
PROGENITOR PROPERTIES AND NUMERICAL PARAMETERS
A}MvirC Vvird j‘IBHf Rpg ROh
Galaxy z° 10" 21 M) (km s Soas® (10° h~' M) (h" kpe) (h~! kpe)

14.4 6.3 234.1 1.0 0.15 . e
14.4 53 220.3 1.0 0.15 0.2 7.1
13.0 15.0 297.8 1.0 0.51 0.2 8.5
13.0 17.7 314.6 1.0 0.51 0.3 10.7
10.5 49.1 401.0 1.0 6.56 0.4 11.3
9.4 79.6 448.6 0.9 233 0.5 18.2
8.5 160.0 540.4 0.9 89.2 0.7 25.2
8.5 207.7 589.5 0.9 89.2 1.0 34.5

? Name of galaxy progenitor. G1 is the halo at z = 14.4.
® Redshift at which the progenitor enters the merger tree.
¢ Virial mass, assuming overdensity A = 200.

4 Virial velocity, assuming overdensity A = 200.

¢ Gas fraction of the progenitor baryonic mass.

T Progenitor BH mass at the merger redshift.

¢ Pericentric distance of the incoming progenitor to the center of mass of the existing system.
" Initial distance of the incoming progenitor to the existing system.

and halo concentration Cj, are scaled appropriately with red-
shift, as described in Robertson et al. (2006b). In particular, for a
progenitor with virial velocity Vy;, at redshift z, M.;, and R,;, are
calculated following Mo et al. (1998), while Cy; is adopted from
Bullock et al. (2001) as briefly outlined below:

V\éir
Mvir - Wf[(z)’ (4)
Vvir
Ry = ’ 5
10H(z) ®)

1/2
H(z) = Ho [0 + (1= Q4 = Q) (1 42+ Qu(1 42|

(6)

M\ " -1
Cor = 9(M0) (427,
where G is the gravitational constant and My ~ 8 x 10'> A=! M,
is the linear collapse mass at the present epoch.

We assume a baryon fraction of f, = 0.15 for these high-
redshift galaxies based on the WMAPI result (Spergel et al.
2003). The gas fraction of each progenitor is extrapolated from
the results of semianalytic models of galaxy formation (Somerville
etal. 2001), with 100% gas disks atz > 10 and 90% at 10 > z = 8.
The multiphase ISM is envisioned to consist of cold clouds em-
bedded in a hot, tenuous gas in pressure equilibrium. Stars form
out of the cold clouds by gravitational instability (Li et al. 2005)
with a rate that is proportional to the surface density of the gas
(Schmidt 1959; Kennicutt 1998; Li et al. 2006).

In the adopted ISM model for the gas, the EOS is controlled by
a parameter ggos that linearly interpolates between isothermal gas
(geos = 0) and a strongly pressurized multiphase ISM (ggos = 1).
This EOS describes the dynamics of star-forming gas, accounts
for the consequences of stellar feedback on galactic scales, and
enables us to construct equilibrium disk models even with large
gas fractions (Robertson et al. 2004; Springel & Hernquist 2005).
Supernova feedback is modeled through thermal energy input into

(7)

surrounding gas and can help evaporate the cold clouds to replen-
ish the hot phase. For the simulation presented here a value of
gros = 0.5 is used, but test simulations using ggos = 0.25—1.0
produce average star formation and BH accretion rates that con-
verge to within 15%.

2.5.2. Black Hole Accretion and Feedback

The SMBHs s are represented by collisionless ““sink™ particles.
They interact with other particles gravitationally and accrete the
gas. Accretion of gas onto the BHs is modeled using a Bondi-
Hoyle-Lyttleton parameterization (Bondi 1952; Bondi & Hoyle
1944; Hoyle & Lyttleton 1941), in which the BHs accrete spher-
ically from a stationary, uniform distribution of gas, as described
in Di Matteo et al. (2005) and Springel et al. (2005b):

_ 4ra G M, p

@) v

B

where Mgy is the BH mass, p and ¢, are the density and sound
speed of the gas, respectively, « is a dimensionless parameter of
order unity, and v is the velocity of the BH relative to the gas.

We assume that the accretion has an upper limit by the Eddington
rate,

©)

where m, is the proton mass, ot is the Thomson cross section,
and ¢, is the radiative efficiency. The latter determines the conver-
sion efficiency of mass accretion into energy released as radiated
luminosity. We adopt a fixed value of ¢, = 0.1, which is the mean
value for radiatively efficient Shakura & Sunyaev (1973) accretion
onto a Schwarzschild BH. In the simulations, the accretion rate is
then the minimum of these two rates, Mgy = min(Mgqq, Mp).
The feedback from the BHs is associated with the mass ac-
cretion. We assume that a small fraction (~5%) of the radiated
energy couples to the surrounding gas isotropically as feedback
in the form of thermal energy. This fraction is a free parameter,
determined by matching the observed Mgy -o relation (Di Matteo
et al. 2005). For more discussions on this prescription, see Hopkins
et al. (2006a). This feedback scheme self-regulates the growth of
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the BH and has been demonstrated to successfully reproduce many
observed properties of elliptical galaxies, as mentioned earlier.

2.5.3. Black Hole Seeds

To grow a BH up to 10° M in less than 800 million years, a
wide range in seed masses, from 10 to 10° M, have been sug-
gested (e.g., Carr et al. 1984; Loeb & Rasio 1994; Bromm & Loeb
2003; Haiman 2004; Yoo & Miralda-Escudé 2004; Volonteri &
Rees 2005; Begelman et al. 2006). The formation of the BH seeds
remains an open question, and several scenarios have been pro-
posed. In particular, Fryer et al. (2001) show that rapid collapse of
massive Population III stars due to pair instability could produce a
BH of ~10? M_; Bromm & Loeb (2003) suggest that hot and
dense gas clumps may collapse monolithically to form a massive
BH of ~10° M, in metal-free galaxies with a virial temperature of
10* K; while Begelman et al. (2006) propose that ~20 M., BHs
could form by direct collapse of self-gravitating gas due to global
instabilities in protogalactic halos and then grow to 10*—10° M,
with super-Eddington accretion. We adopt the picture where BH
seeds are the remnants of the first stars (Abel et al. 2002; Bromm
& Larson 2004; Tan & McKee 2004; Yoshida et al. 2006; Gao et al.
2007). The remnant BH mass is currently uncertain and widely
debated. Recent theory of Population III star formation predicts
a mass range of ~30-500 M., but there are two regimes where
an SMBH could form, either <100 M, or 2260 M, (Heger et al.
2003; for a recent discussion see also Yoshida et al. 2006). We
have tested the seed mass in the range of 100—-300 M, and find
that the exponential growth of the BHs during the merger makes
our results insensitive to the choice in that range. We therefore
assume that the BH seed starts with an initial mass of 200 M,
after the collapse of the first star at z = 30.

These seed BHs then grow in the centers of a ~10% M, halo
that contains a large amount of high-density primordial gas, as
current theories predict that only one star forms per such mini-
halo. The dense gas in the central region provides abundant fuel
for BH accretion. To account for their evolution before the major
mergers take place, the BHs are assumed to grow at the Eddington
rate until their host galaxies enter the simulated merger tree. Such
an approximation is supported by the fact that the Eddington ratio
in the simulations depends on the galaxy interaction and strength
of the feedback from the BHs. In our simulations, most BHs grow
at nearly the Eddington rate in the early stages of a galaxy in-
teraction when the feedback is weak. However, when the inter-
action and the feedback become stronger, the Eddington ratios
fluctuate by orders of magnitude. So a constant accretion rate at
the Eddington limit is no longer appropriate, as we show below.
Under this assumption, the first progenitor galaxies (G1 and G2)
of the quasar host have BH seeds of order2 x 10* 4~' M, by the
time it enters the merger tree at z = 14.4. However, we should
emphasize that this assumption serves only as an upper limit of
the early growth of the BHs. Our results in the next sections im-
ply that even if all the BH seeds had a uniform mass of ~10° M,
when they enter the merger tree, it is still possible to build a
massive one to 10° M, at z ~ 6.5 through gas-rich mergers.

In our model, mergers are invoked in the formation of the most
massive BHs of 2107 M, because that requires large supplies of
gas. Early on, however, this may not be necessary to grow the BH
seeds from ~100 M, to the ~10° M, we start from because the
accretion rate is small so other gas fueling could be sufficient. As
demonstrated in Hopkins & Hernquist (2006), faint AGNs could
be fueled by stochastic accretion of cold gas that does not involve
mergers. A similar process could go on in the BH seeds left by the
Population III stars at very high redshifts. We should point out
that in our simulations, it is necessary for galaxy progenitors in
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the merger tree to have reasonable massive BH seeds (~10° M)
initially in order to build a 10° M., BH atz ~ 6.5. However, our
results are insensitive to specific formation recipes of the seeds.
The formation of seed BHs at high redshifts is a challenging
problem, and some of the proposed scenarios mentioned above
may indeed be necessary to make our seeds. However, currently
there is no observation available to test these models.

In the picture we adopt in which the seeds come from the first
stars, the early accretion may be complicated by the feedback
from the stars. We note that recent studies by Johnson & Bromm
(2007), Abel et al. (2007), and Yoshida et al. (2007) show that
H 1 regions form around the first stars and that the halo gas would
be photoionized, photoheated, and evacuated by the radiation
feedback from the stars. Johnson & Bromm (2007) suggest that
such feedback would deplete the gas in the central region and
would delay the BH accretion by up to 10% yr. However, this
destruction effect depends sensitively on the lifetime of these
massive stars and, more importantly, on the environment that de-
termines both the gas density profile and gas replenished from
inflow of the expelled gas or neighboring halos. In the simula-
tions presented in Johnson & Bromm (2007) the box size is only
100 #~! kpc, too small to contain the large-scale gravitational
potential and the large-wavelength density modes that drive gas
infall, so the initial gas density is low and the destruction timescale
is long in this case. However, the quasar halo in our simulation
resides in the highest density peak in a volume of 1 A~! Gpc?,
where the halo potential and gas density, as well we the accretion
rate, are much higher (Gao et al. 2007). For a 200 M, BH, the
accretion rate at Eddington limit is only 107 M yr~!, which
corresponds to the Bondi accretion of molecular gas with a typical
temperature of ~100 K at density ~10? cm~>, as implied from
equation (8). Such a density requirement is satisfied with the
initial conditions of our model. Therefore, the gas reincorpora-
tion timescale in our case may be substantially shorter than that
estimated in Johnson & Bromm (2007). We will investigate in a
future project the growth and evolution of the early BHs after the
death of the first stars in such a cosmological environment, using
hydroradiation simulations that include both radiative transfer
and BH accretion with ultrahigh resolutions.

2.5.4. Numerical Parameters of Merger Simulations

The merger tree contains eight galaxies engaging in seven major
mergers at different times. For each merger event, the initial or-
bits of the incoming progenitors are set to be parabolic, consistent
with the majority of the major mergers in our cosmological sim-
ulation and with previous findings (Khochfar & Burkert 2006).
The orientation of each merging galaxy is selected randomly.
The initial separation between each merging pair is set to Ry =
Ryir, where Ry, is the virial radius of the incoming system, while
the pericentric distance is chosen as R, = 0.5R;, where R, is the
radial disk scale length of the incoming system. We have tested
different choices of R, and orientations and found that the impact
of these parameters is minor because the orbital properties of the
progenitors change rapidly through interactions with the multi-
ple galaxies in the system.

Throughout the merger simulation, the mass and force reso-
lutions are fixed for each particle type, and the total initial par-
ticle number of 1.0 x 10° results in particle masses of mj, =
1.1x107 h~! M, for the halo and mgs=2.2x 106 A=' My, for
both the gas and stars. The gravitational softening lengths are
€, = 60 h~! pc forhalo particles and €, s = 30 A~ pc forboth gas
and stars. In the simulations, it is impossible to resolve individual
stars, and the accretion radii of some small BHs are underre-
solved. However, with the subresolution implementation in our
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models, we can calculate time-averaged rates of star formation
and BH accretion from the large-scale properties of the gas,
which are well resolved in our simulations. Resolution studies of
a single merger (Springel et al. 2005b) with particle numbers
from 1.6 x 103 to 1.28 x 107 show that resolution affects some
fine structures of the gas and the instantaneous growth rates of
stars and BHs, but the time-averaged properties of the system
converge to within 20%.

2.5.5. Halo Escape Velocity

In a galaxy merger with BHs, the BHs may merge into one, or
may be ejected by gravitational recoil in the final stage. Their fate
depends on the halo escape velocity Ves. If the recoil velocity is
larger than Ve, then the BH will be kicked out of the halo. We
follow Binney & Tremaine (1987) to calculate this important pa-
rameter V. It is defined by

Vese(r) = v/ 2| ®(r)], (10)

where ®(r) is the gravitational potential at a given radius . Be-
cause the halo is spherical, the potentials of different spherical
shells add linearly, so ®(r) is contributed by two parts, i.e., shells
within 7 (' < r) and outside (' > r):

1 [ 00
P(r) = —4nG [—/ Priern () dr! +/ Pem ()7 dr/},
r 0 -

(11)

where ppem(r) is again the Hernquist (1990) density profile of
the dark matter halo as in equation (2).

Figure 4 shows the escape velocities of the halo progenitors
G1-G8in Table 1, as well as two merger remnants atz ~ 14 and
~6.5, respectively. The escape velocity depends on the halo mass,
redshift, and distance from the halo center. The V. remains con-
stant in the central region but begins to decline around 0.1R,;;. At
the center, Vos. ~ 2.5V4ir, while at the virial radius Ry;;, the es-
cape velocity is comparable to the virial velocity (by a factor of
~1.5). The isolated halo progenitors G1-G8 have a V4 range of
~385-1029 km s~ !. The first merger halo at z ~ 14, which has a
mass of 1.66x10'" M, as the merger of G1 and G2, has a
central escape velocity of Ve ~ 486 km s~!, while the final
merger halo at z ~ 6.5, which has a mass of 7.7 x 10'2 M_,, has
Vese ~ 1284 km s~!. The shaded region indicates the range of
the halo escape velocities of the mergers in our simulations. In
particular, the escape speed in the halo central region has a range
of 486 km s™! < Vo <1284 km s~!. This range is important
for analysis of BH ejection from gravitational recoil in the BH
binaries in §§ 3.4 and 4.2.

3. FORMATION OF A LUMINOUS z ~ 6 QUASAR
3.1. Hierarchical Assembly of the Quasar Host

The vigorous merging history of the quasar host is illustrated
through selected snapshots of the gas and stellar distributions in
Figures 5 and 6, respectively. The progenitors at high redshifts
are very compact and gas-rich. As the host galaxy of the quasar
builds up hierarchically, strong gravitational interactions be-
tween the merging galaxies lead to tidal tails, strong shocks, and
efficient gas inflow that triggers large-scale starbursts, a phe-
nomenon that has been demonstrated by many numerical sim-
ulations (e.g., Hernquist 1989; Hernquist & Katz 1989; Barnes &
Hernquist 1991, 1996; Mihos & Hernquist 1994, 1996; Springel
2000; Barnes 2002; Naab & Burkert 2003; Li et al. 2004), as
reviewed by Barnes & Hernquist (1992). The highly concen-
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Fic. 4—Halo escape velocity Ve as a function of distance R/Ryi; (Ryir is the
virial radius) to the halo center for various models in our merger simulations. This plot
includes the isolated halo progenitors G1—GS8 in Table 1, as well as the first merger
remnant at z ~ 14 and the last one at z ~ 6.5, as labeled in the legend. The shaded
region indicates the range of the escape velocities of the mergers in our simulations,
with the values in the central regions being 486 km s™' < Vg <1284 km s~ 1.

trated gas fuels rapid accretion onto the SMBHs (Di Matteo et al.
2005; Springel et al. 2005b). In the range z ~ 14-9, the merging
systems are physically small and the interactions occur on the
scale of tens of kiloparsecs. By z ~ 9—7, when the last major
mergers take place, the scale and strength of interactions have
increased dramatically. Galaxies are largely disrupted in close
encounters, tidal tails of gas and stars extend over hundreds of
kiloparsecs, and intense bursts of star formation are triggered.

The BHs continue to grow rapidly during this period but are
heavily obscured by a significant amount of circumnuclear gas.
During galaxy mergers, the BHs follow their hosts to the center
of the system and can interact closely with each other. It has been
shown that BH binaries decay rapidly in a gaseous environment
and can merge within ~107 yr (Escala et al. 2004; Y. Li 2007, in
preparation). Because the galaxies in our simulations are very
gas-rich and the gas is highly concentrated during the mergers,
we therefore assume that the BHs merge efficiently owing to
strong dynamical friction with the gas (Springel et al. 2005b).
We discuss this process further in §§ 3.4 and 4.2.

At redshift z =~ 6.5 the progenitor galaxies coalesce, induc-
ing high central gas densities that bring the SMBH accretion and
feedback to a climax. The SMBH feedback then drives a pow-
erful galactic wind that clears the obscuring material from the
center of the system. The largest SMBH becomes visible as an
optically bright quasar (Hopkins et al. 2006a) during this phase,
after which quasar feedback quenches star formation and self-
regulates SMBH accretion. Consequently, both star formation
and quasar activity die down, leaving a remnant that reddens
rapidly, as illustrated schematically in Figure 6.

3.2. Star Formation History

The evolution of the SFRs of each individual galaxy and the
total SFR of the whole system are shown in Figure 7 (fop panel).
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Fic. 5.— History of the quasar host shown in selected snapshots. The images give the projected gas density, color coded by temperature (blue indicates cold gas; yellow
indicates hot, tenuous gas). The black dots represent BHs. There are eight galaxies in total, engaging in seven major mergers along the time line of the merger events as
listed in Table 1. Top: Interactions in the early stage from z ~ 13 to 9. Middle: Last major mergers between z ~ 9 and 7. Bottom: Final phase. All the galaxies coalesce at
z & 6.5, creating an extremely luminous, optically visible quasar (see Fig. 6). At this time, there are three BHs, but the luminosity is dominated by the most massive one,
which is more than 2 orders of magnitude larger than the others. These BHs merge into a single one at later time. The scale bar indicates a size of 20 kpc (comoving),

corresponding to an angular size of 3.6” at redshift z = 6.5.

The system forms stars rapidly as these compact and gas-rich
progenitors undergo strong interactions. The total SFR ranges
from ~100 to >10* M, yr —! between redshifts z ~ 9 and 8 when
the galaxies begin their final major mergers, while the SFRs of
individual galaxies fall below a few times 103 M yr~!, within
the starburst intensity limit of 10> M. yr~! kpc—2 proposed by
Meurer et al. (1997) and Thompson et al. (2005). At z < 7 the
SFR decreases gradually owing to a depletion of the gas supply
and progressively stronger feedback from the SMBHs. At the time
of final coalescence (z =~ 6.5) the SFR is ~100 M, yr~', an order

of magnitude lower than for estimates of J1148+5251 (Bertoldi
et al. 2003a; Carilli et al. 2004). We note, however, that the es-
timates by these authors are based on the assumption that the FIR
luminosity is dominated by young stars, and they cannot rule out
the possibility that AGNs may contribute significantly to the
luminosity.

In a forthcoming paper (Li et al. 2007b), we have calculated the
infrared properties of the quasar system using a three-dimensional
(3D) Monte Carlo radiative transfer code that incorporates adap-
tive grids and treats dust emission self-consistently. We find that
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Fic. 6.—Same as Fig. 5, but here the images show the projected stellar density, color coded by the SSFR (SFR per unit stellar mass). Blue indicates massive star
formation in the galaxies, while red indicates little star formation. To illustrate the quasar activity, we have generated “rays” around the quasar. The number and strength of the
rays are proportional to the bolometric luminosity of the BHs. These rays are artificial and serve only as a visual guide. The systems in the top panels are blue, small, and
perturbed. The quasars appear very faint and buried. In the middle panels, strong interactions between galaxies boost star formation and BH accretion, creating highly irregular
morphologies and extremely blue galaxies. The quasars are heavily obscured by dense gas. At a later stage (bottom panels), feedback from the BHs quenches star formation,
allowing the galaxy color to redden. The quasar becomes optically visible as strong outflows blow out the gas. It has a maximum luminosity around z ~ 6.5 when all the
galaxies coalesce. After that, both the quasar activity and star formation gradually die down, leaving behind an aging stellar spheroid.

the FIR luminosity of our quasar is not dominated by young stars
but instead has a substantial quasar contribution of over 80%.
This finding is supported by observations of J1148+5251 in NIR
(e.g., Charmandaris et al. 2004; Hines et al. 2006; Dwek et al.
2007), which show a remarkably flat SED and suggest an AGN
origin for the flux excess. Furthermore, adopting a total gas mass
of ~10'0 M, (Walter et al. 2004; Narayanan et al. 2006c) in
J1148+5251, a simple application of the Schmidt-Kennicutt star
formation law (Schmidt 1959; Kennicutt 1998) gives an SFR of
~200 M yr‘l, close to what we find here.

Within only about 600 Myr from z = 14.4 to 6.5, the system
accumulates a stellar mass of ~10'? M, as shown in Figure 7
(bottom panel). The specific star formation rate (SSFR), or “b pa-
rameter” (e.g., Brinchmann et al. 2004), is defined as SSFR =
SFR /M. It is a measure of the fraction of the total stellar mass
currently forming at a specific time. The SSFR is typically larger
in high-redshift galaxies than in ones at low redshifts owing to
vigorous star formation. During the past several years, there has
been rapid progress in observing galaxies at z 2 6 using the
Hubble Space Telescope (HST) and the Spitzer Space Telescope
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Fic. 7.—Time evolution of SFR (fop) and SSFR (bottom). The colored lines
indicate individual galaxies, while the black lines give summed quantities for the
entire system.

coupled with ground-based observatories (e.g., Dickinson et al.
2004; Bunker et al. 2004; Bouwens et al. 2004; Giavalisco et al.
2004; Egami et al. 2005; Eyles et al. 2005; Mobasher et al. 2005;
Yan et al. 2005, 2006; Eyles et al. 2007), and hundreds of these
distant objects have been detected. These frontier observations
suggest that the universe experienced rapid star formation during
the redshift interval 14 2 z 2 6 and the development of large stel-
lar systems in the mass range of ~1019—101! M. In particular,
several groups (Egami et al. 2005; Yan et al. 2006; Eyles et al.
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Fi. 8.—Time evolution of mass-weighted metallicity in the quasar host, from
gas (blue line), stars (red line), and the mean value in the central region (R <
1 kpc) of each galaxy (black line). The blue hatched region indicates the range of
25%—75% of the gas metallicity.

2007) find SSFRs in the range of 107! to 10> Gyr~! in their
observations, consistent with our simulations.

3.3. Metal Enrichment

Rapid star formation in the quasar progenitors produces an
abundant mass of heavy elements to enrich the ISM. Observa-
tions of J1148+5251 show solar metallicity in the system (Barth
et al. 2003; Walter et al. 2003; Maiolino et al. 2005; Becker et al.
2006). Figure 8 shows the metallicity in our simulated quasar
system at different times. Note that the dips and jumps in the
curves owe to incoming new galaxies that bring in metal-poor
pristine gas and newly formed stars. The quasar host reaches
solar metallicity as early as z ~ 12 and maintains similar levels to
later times. The spatial distribution of metallicity from both gas
and stars at the peak quasar phase atz ~ 6.5 is shown in Figure 9.
The metals are widely spread owing to outflow from the quasar
feedback and gas infall toward the merger center. The metallicity
in the central region of the merger remnant is slightly above the
solar value. In some outer regions, because the gas and stars are
still falling back to the system center, the infalling material trig-
gers small-scale bursts of star formation. So the metallicity in
these blobs appears to be supersolar, as shown in Figure 9.

Calculations of carbon monoxide emission using non-LTE
radiative transfer codes (Narayanan et al. 2006a, 2006b) by
Narayanan et al. (2006c) show CO luminosities, excitation pat-
terns, and morphologies within the central ~2 kpc of the quasar
host center that are consistent with observations of J1148+5251
(Walter et al. 2003, 2004; Bertoldi et al. 2003b). These results
were derived using galactic CO abundances and thus support our
conclusions that significant metal enrichment takes place early in the
quasar host, as a result of strong star formation in the progenitors.

3.4. Growth of Supermassive Black Holes

In the simulations, the quasar host at z ~ 6 is built up by eight
progenitors, each containing a BH in the center. Figure 10 shows
the evolution of the BH accretion rate, the Eddington ratio, and
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Fic. 9.— Spatial distribution of mass-weighted metallicity of the quasar host
atz 2 6.5, from both gas (fop) and stars (bottom). The images are projected met-
allicity adaptively smoothed over 32 particles (analog to the SPH kernel in a two-
dimensional plane). The black dot indicates the center of the quasar.

the integrated masses of the whole system and individual BHs.
The total BH accretion rate grows steadily during the hierarchi-
cal assembly of the host galaxy and peaks at ~10 M, yr~! around
z & 6.5 during the final coalescence.

The Eddington ratio, Lyo/Lggd, of each individual BH var-
ies with time, depending on the galaxy interaction and feedback
from the BHs. The BHs maintain accretion at the Eddington limit
for only a fraction (<50%) of the time. At the peak of quasar ac-
tivity, the Eddington ratio of the most massive BH is near unity,
while that of the other BH is only 0.1. However, collectively, the
whole system appears to accrete at Ly /Lgqq ~ 1 at z 2 6.5, as
implied in Figure 10. Studies of BH accretion (e.g., Vestergaard
2004, 2006; Kollmeier et al. 2006) show that the Eddington ratio
has a wide range of 0.01-1.0, and it varies with both luminosity
and redshift. Luminous systems tend to have higher Lo /Lggq
than less luminous counterparts, and at z = 4, most quasars shine
at nearly Eddington luminosity. Our results suggest that individual
BHs do not always necessarily accrete at the Eddington rate.
However, since high-redshift, luminous quasars may form through
mergers of several galaxy progenitors containing BHs as in our
case, the growth of the quasar therefore represents a collective con-
tribution from each individual BH. The total BH mass increases
from ~6 x 10* M atz =~ 14 toabout2 x 10° M, atz =~ 6.5, close
to that estimated for J1148+5251 by Willott et al. (2003 ) and Barth
et al. (2003).

In the simulations, we do have neither sufficient resolution nor
the relativistic physics to consider the ejection of BHs by grav-
itational recoil. The BHs are assumed to merge efficiently once
their separation is below the spatial resolution. In the final stage
of BH mergers, the emission of the gravitational wave carries
linear momentum, which could cause the BHs to recoil (e.g.,
Bonnor & Rotenberg 1961; Peres 1962). If the recoil velocity is
larger than the halo escape velocity, then the BHs will be kicked
out from their halo (e.g., Fitchett 1983; Favata et al. 2004;
Merritt et al. 2004; Madau & Quataert 2004; Haiman 2004; Yoo
& Miralda-Escudé 2004; Volonteri & Rees 2005). Previous stud-
ies (Haiman 2004; Yoo & Miralda-Escudé 2004; Volonteri &
Rees 2005; Haiman 2006) suggest that constant or super-Eddington
accretion is required to produce 10° M, BHs atz ~ 6 if ejection
of BHs is included. In particular, Haiman (2004) suggests that a
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Fic. 10.—Growth history of the quasar system, including the BH accretion
rate BHAR (fop), the Eddington ratio Lyoi/Lgdq (middle), and BH mass (bottom).
Note that the black lines represent totals, while colored lines show individual
BHs, as indicated in the legend.

BH will be ejected if the kick velocity Vi for the coalescing
SMBH binary is larger than twice the halo velocity dispersion
Ohalo> Vkick 2 20halo» as the dynamical friction timescale for the
kicked BH to return to the halo center is longer than the Hubble
time (Madau & Quataert 2004). By applying this ejection cri-
terion to a PS merger tree of an 8.5 x 1012 M, halo within which
J1148+5251 is assumed to reside, Haiman (2004) finds that the
SMBH of the quasar gains most of its mass rapidly from seed
holes during 17 < z < 18 due to BH ejection, and the SMBH likely
accretes with a super-Eddington rate in order to build a mass
similar to that of J1148+5251.

However, the halo escape velocities or velocity dispersions in
our model are much larger than the currently best estimates of
the kick velocity. The quasar halo in our simulations has an ac-
tive merging history from redshifts z ~ 14.4 to ~6.5, and the
halo progenitors have masses much higher than those considered
in the previous studies (Haiman 2004; Yoo & Miralda-Escudé
2004; Volonteri & Rees 2005). The quasar halo builds its mass
from ~1.16 x 10" M, at z ~ 14 (the sum of progenitors G1 and
G2in Table 1)to 7.7 x 10'> M atz = 6.5. As shown in Figure 4
(shaded region), the central escape velocity of the mergers in our
simulations is in the range 486—1284 km s~!. Currently, the
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maximum kick velocity for unequal-mass, nonrotating BH bi-
naries is in the range of ~74-250 km s~! from both the analytic
post-Newtonian approximation (e.g., Blanchet et al. 2005; Damour
& Gopakumar 2006) and the groundbreaking full relativistic
numerical simulations (e.g., Herrmann et al. 2006; Baker et al.
2006; Gonzalez et al. 2007b). For equal-mass, spinning BH bina-
ries, Favata et al. (2004) estimate a range of ~100—200 km s!
using BH perturbation theory, and Herrmann et al. (2007) derive
a formula from relativistic simulations, Viicxk = 4758 km s~!,
where S <1 is the BH spin. This gives a maximum kick of
475 km s~! for maximal spin, although it is also reported that
the recoil velocity can be as large as thousands of kilometers per
second (Gonzalez et al. 2007a; Campanelli et al. 2007) for BH
binaries in the orbital plane with opposite-directed spin. However,
as pointed out by Bogdanovic et al. (2007), such a configuration is
rather uncommon, especially in gas-rich galaxy mergers, because
torques from accreting gas suffice to align the orbit and spins of
both BHs with the large-scale gas flow. The resulting maximum
kick velocity from such a configuration is <200 km s~!. Overall,
the kick velocity from the latest calculations of BH binaries is in
the range of ~100—475 km s~ !, falling safely below the escape
velocities of the quasar halos in our simulations, so BH ejection
may be insignificant in our case.

Moreover, we find that our model can produce a 10° M., SMBH
even if ejection is allowed. From Figure 10 (bottom panel), the
10° M., SMBH is dominated by BH5; most of its mass comes
from gas accretion. Even if the less massive BHs, for example, BH7
or BHS, were ejected, the most massive one, BHS, is still able to
reach ~10° M, in the end. Furthermore, even if all the seeds started
with ~10° M_, in the merger tree, the result would be about the
same. We therefore conclude that the results from our modeling
are robust. SMBHs of ~10? M, can grow rapidly through gas
accretion and mergers hierarchically in the early universe; con-
stant or super-Eddington accretion is not necessary, unless the
recoil velocity of the coalescing BH binary is extremely high
such that most of the BH seeds in our simulations are ejected
(e.g., Viiek > 1000 km s~1).

3.5. Correlations between Supermassive
Black Holes and Host Galaxies

Tight correlations between SMBHs and hosts have been ob-
served in local galaxies (e.g., Magorrian et al. 1998; Ferrarese &
Merritt 2000; Gebhardt et al. 2000), but the inference of these
relationships at higher redshifts remains an open question. Be-
cause the eight galaxies in our system interact vigorously with
each other, the stellar components are widely spread and mixed,
and it is impossible to separate individual galaxy-SMBH pairs,
so we only consider the correlations in the fotal quantity of the
whole system. A comparison of the total stellar mass and total
BH mass is shown in Figure 11. At early time, both the stars and
BHs grow rapidly through galaxy mergers. Shortly after the peak
quasar phase, strong feedback suppresses both the accretion and
star formation, the masses of the BHs and stars become saturated
gradually, and in the end they satisfy Mgy = 0.002M,,, similar
to the correlation measured in nearby galaxies (Magorrian et al.
1998; Marconi & Hunt 2003). Our results are consistent with
findings by Robertson et al. (2006b) and Hopkins et al. (2007a)
and demonstrate that the observed Mpp-Myyiq. Scaling relation is
a result of the coeval growth of the SMBH and its host galaxy
and that it holds across different cosmic times.

We note, however, that the velocity dispersion of the stars in
the remnant center is about ~500 km s~ (after the system re-
laxes) owing to the deep potential well of the merger system, so
the Mpy-o relation falls below the correlation observed locally
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Fic. 11.—Evolution of total BH (black line) and stellar ( yellow line) mass.
The stellar mass is multiplied by a factor of 0.002, to reflect the observed cor-
relation of My ~ 0.002Mj,, at the present day, as parameterized by Marconi &
Hunt (2003).

(Ferrarese & Merritt 2000; Gebhardt et al. 2000; Tremaine et al.
2002). Single mergers of progenitor galaxies constructed in a
redshift range of z = 0—6 by Robertson et al. (2006b) appear to
follow the observed Mpyy-o correlation with a weak redshift depen-
dence of the normalization, which results from an increasing ve-
locity dispersion of the progenitors at higher redshift. The mul-
tiple mergers we derive from cosmological simulations take place
at much higher redshifts and hence the progenitors have larger
velocity dispersions, implying a larger deviation from the local
Mgy -o relation than in the work of Robertson et al. (2006b).
However, because we do not follow subsequent mergers and ac-
cretion into the host halo below z ~ 6, the implications of this re-
sult for the evolution of the Mpy-o relation are unclear.

Observations of active galaxies have yielded ambiguous re-
sults about the SMBH-spheroid relationship. For example,
Greene & Ho (2006) report a lower zero point of the Mgy-o
relation of local active galaxies than that of the inactive sample
(Tremaine et al. 2002); at z > 0, Shields et al. (2003) found the
same Mpy-o relation in the redshift range z = 1-3, while others
(e.g., Treu et al. 2004; Walter et al. 2004; Borys et al. 2005; Peng
et al. 2006; Shields et al. 2006) show correlations with various
offsets. In particular, Walter et al. (2004) estimate a dynamical
mass of ~5 x 10'° M, using the CO line width measured in J1148+
5251 and suggest that the bulge is undermassive by at least 1 order
of magnitude compared to the local Mgy -Myyi,. Telation. How-
ever, the CO calculation by Narayanan et al. (2006¢) finds that
the CO line width of the quasar in our simulation is larger than
the mean 280 km s~! measured by Bertoldi et al. (2003b) and
Walter et al. (2004) by almost an order of magnitude, and that the
derived dynamical mass is ~10'? M, putting the simulated quasar
on the Mpp-Myyge correlation. Narayanan et al. (2006¢) further
suggest that the observed emission line may be sitting on top of a
much broader line, which may be tested by future observations
with large bandwidths.
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The different relations reported from the observations may
reflect a divergence of the methods used to estimate the BH mass
and stellar properties, or they may represent different evolution-
ary stages of the systems (Wu 2007; Hopkins et al. 2007a). More
observations and better measurements of BH mass and properties
of host bulges will be crucial to study the SMBH-host relations in
high-redshift quasar systems ( Vestergaard & Peterson 2006) and
to test our hypothesis.

3.6. Quasar Luminosities

Both the bolometric and attenuated luminosities of the quasar
and the host galaxy in the simulations can be readily calculated
following the methodology of Hopkins et al. (2005d). The bo-
lometric luminosity Ly of stars is calculated using the stellar
population synthesis model of Bruzual & Charlot (2003), while
that of a BH is calculated as Lyo; = €,Mc?, where €, = 0.1 is the
radiative efficiency, M is the BH accretion rate, and c is the speed
of light. In this calculation, the BHs are assumed to be nonrotat-
ing. If the BHs are spinning, their radiative efficiencies and lu-
minosities would be higher due to the shrink of the innermost
stable circular orbit, by up to a factor of 4 for maximal rotation.

The B-band luminosity of each source is corrected for atten-
uation by absorption from the ISM along the line of sight. We
first calculate the line-of-sight column density of the gas from
each source to a distant observer. For each BH we generate 1000
radial sight lines originating at the BH particle location and
uniformly spaced in the 47 solid angle d cos 6 d¢, while for the
stars, an accurate estimate of the luminosity is possible with only
one sight line per source owing to the extended distribution. Along
each ray, the gas column density is calculated using a radial spac-
ing of Ar = nhgm, wherenp < 1 and Ay, is the local SPH smooth-
ing length. The distribution of line-of-sight properties converges
for 2100 rays and at a distance of 2100 kpc. In the calculation,
only the diffuse-phase density is considered because of its large
volume filling factor >99%, allowing for a determination of the
lower limit on the column density along a particular line of
sight.

Adopting the mean observed intrinsic quasar continuum SED
(Richards et al. 2006) gives a B-band luminosity that is well ap-
proximated by the following equation given by Marconi et al.
(2004): log (Lpoi/Ls) = 0.80 — 0.067L + 0.017L* — 0.0023L3,
where L = log (Lpoi/L) — 12 and Az = 4400 A. We then use
the Milky Way gas-to-dust ratio scaled by metallicity, Ag/Ny =
(Z2/0.02)(Ap/Nu)pw» to determine the extinction along a given
line of sight for this band. In the above calculation, we do not
include a full treatment of radiative transfer and therefore do not
model scattering or reprocessing of radiation by dust in the infrared.
However, for the B-band luminosity, results using a 3D Monte
Carlo radiative transfer code are close to those calculated using the
methods we present here (Li et al. 2007b; Chakrabarti et al. 2007).

Figure 12 shows both the bolometric and attenuated B-band
luminosities of the quasar, compared with observations of J1148+
5251. The system is intrinsically bright with a total luminosity
>10"!" L, and the host appears as an ultraluminous infrared gal-
axy (ULIRG) with Ly > 10'? L, for most of the time. At high
redshifts, z > 8, starlight dominates the total luminosity. How-
ever, BHs take over at a later time. The quasar light curve in-
creases dramatically, peaking at z = 6.5, when it is powered by
the most massive BH accreting at near the Eddington rate. The es-
timated Ly, of J1148+5251 differs from that of the simulated
quasar by less than the uncertainty in the luminosity estimate. The
rest-frame B-band absolute magnitude reaches Mp ~ —26.5, al-
most 1 mag fainter than that of J1148+5251 derived from 1450 A
data (Fan etal. 2003). However, we should emphasize that in this
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Fig. 12.—Comparison of luminosities from simulations and observations.
Shown are bolometric (fop) and attenuated luminosities in the rest-frame B band
(bottom). Note that Ly, of SDSS J1148+5251 ( green filled circle) is an estimate
foran SMBH of 3 x 10° M, accreting at the Eddington rate, with the error bar in-
dicating the mass range of (1-5) x 107 M, (Willott et al. 2003; Barth et al. 2003),
while the Ly is converted from observations at wavelength 1450 A (Fan et al.
2003). The yellow, red, and black lines represent luminosities of stars, BHs, and
total (sum of the above two), respectively. For the BHS, Ly mean 1S the average
luminosity over 1000 sight lines. Note that in the luminosity calculation, the BHs
are assumed to be nonrotating. If the BHs are rotating, their radiative luminosities
could be higher by up to a factor of a few; see text for more discussions.

paper our main goal is to investigate the plausibility of forming
luminous z ~ 6 quasars through hierarchical mergers, rather than
precisely reproducing the properties of an individual quasar such
as J1148+5251, so the disagreement shown in Figure 12 should
not be taken too literally. Moreover, the exact luminosity can change
by a factor of several from relatively trivial or random details in the
simulations. If the BH spin is taken into account, then the simu-
lated luminosities would increase by a factor of up to 4, which
would match the observation of J1148+5251 better.

Feedback-driven outflows create unobscured lines of sight,
allowing the growing central SMBH to be visible as an optically
bright quasar between redshifts z ~ 7.5 and ~6.4. At the peak of
the quasar activity, more than 50% of the 1000 sight lines have
L >10'2 L. The absorbed light is reemitted at infrared wave-
lengths by dust. We find that the luminosity in the FIR (Li et al.
2007b) is close to Lrig ~ 10'3 L, estimated for J1148+5251 by
Bertoldi et al. (2003a). Moreover, we find that up to 80% of the
FIR light comes from the BH, while stars contribute only ~20%.
This may explain why the SFR atz ~ 6.5 during the peak quasar
phase is an order of magnitude lower than the estimate from FIR
observations (Bertoldi et al. 2003a), which will be contaminated
by the AGN.
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Fig. 13.—Quasar lifetimes as functions of different B-band limiting luminosi-
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Another prominent feature of Figure 12 is a clear phase tran-
sition from starburst to quasar. It has long been suggested that
ULIRGSs are powered by starbursts in galaxy mergers (for re-
views see Sanders & Mirabel 1996; Jogee 2006) and that bright
quasars are the descendants of ULIRGs (Sanders et al. 1988;
Norman & Scoville 1988; Scoville 2003; Alexander et al. 2005).
This conjecture has been supported by observations of quasar
hosts (e.g., Stockton 1978; Heckman et al. 1984; Hutchings &
Neff 1992; Bahcall et al. 1997; Hutchings 2005) and theoretical
modeling (Hopkins et al. 2006a). In Li et al. (2007b) we calculate
the SEDs of the quasar system and its galaxy progenitors. We find
that the SEDs of the system atz > 8 are characterized by those of
starburst galaxies (Sanders & Mirabel 1996), while at the peak
quasar phase, the SEDs resemble those observed in z ~ 6 quasars
(Jiang et al. 2006). We also find that the system evolves from cold
to warm ULIRGs as it transforms from starburst to quasar phase.
Our results provide further theoretical evidence for the ULIRG-
quasar connection in quasar systems in the early universe.

The quasar lifetimes depend on the observed luminosity thresh-
old, as proposed by Hopkins et al. (2005d). In our simulation,
at the peak luminosity of Lz ~ 2 x 10'? L, the quasar lifetime
is roughly ~2 x 10° yr, as shown in Figure 13. Again, If BH
spin is included in the calculation, the luminosity of the quasar
would increase by a factor of several, and the quasar lifetime
would be longer. However, when increasing the radiative effi-
ciency, the Salpeter time (e-folding time for Eddington-limited
BH growth; Salpeter 1964) is increased by an identical factor,
meaning that it would also require a longer time to reach the
same mass. If high-redshift quasars are rapidly rotating, then our
calculations demand either that the seeds be much more massive
at z 2 6 or that they accrete in a super-Eddington manner. In
other words, if the observed Sloan quasars at z ~ 6 shine with
Eddington luminosity but are rotating rapidly, then our model
suggests that their masses would be considerably smaller than
estimated.
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We note that recent Spitzer observations by Jiang et al. (2006)
show that 2 out of 13 quasars at z ~ 6 have a remarkably low
NIR-to-optical flux ratio compared to other quasars at different
redshifts, and these authors suggest that the two quasars may
have different dust properties. According to our model, however,
these two outliers may be young quasars that have just experi-
enced their first major starburst but have not yet reached peak
quasar activity, so the light from star formation may be domi-
nant, or comparable to that from the accreting SMBH still buried
in dense gas. This may explain the low NIR flux, as well as the
B-band luminosity and the narrow Ly« emission line, which are
primarily produced by the starburst. We will address this ques-
tion further in a future paper with detailed modeling and IR cal-
culations (Li et al. 2007b).

4. DISCUSSION

4.1. Comparison with Previous Models
and Robustness of Our Results

Our multiscale simulations that include large-scale cosmolog-
ical N-body calculations and hydrodynamic simulations of galaxy
mergers, as well as a self-regulated model for BH growth, have
successfully produced a luminous quasar at z ~ 6.5 with a BH
mass of ~2 x 10° A~! M, and a number of properties similar to
those of J1148+5251, the most distant quasar detected atz = 6.42
(Fan et al. 2003). Our approach differs from previous semiana-
lytic studies by Haiman & Loeb (2001), Haiman (2004), Yoo &
Miralda-Escudé (2004), and Volonteri & Rees (2005, 2006) in
the following ways:

1. We use a realistic merger tree derived directly from mul-
tiscale, high-resolution cosmological simulations. The previous
studies used merger trees of dark matter halos generated with the
extended PS theory (Press & Schechter 1974; Lacey & Cole
1993), which may underestimate the abundance of high-mass
halos by up to 1 order of magnitude, as shown in § 2.3. Also, the
merger trees in those studies started from much higher redshifts
than what we consider here. In our model, the quasar halo is the
largest one in a volume of 1 273 Gpc®. It has a mass of ~7.7 x
1012 M, at z ~ 6.5 built up through seven major mergers from
z~14.4t0 ~6.5.

2. We follow the evolution of the system and treat the gas dy-
namics, star formation, and BH growth properly. This approach
is critical to investigation of the properties of both BHs and host
galaxies and their evolution (e.g., Di Matteo et al. 2005; Springel
et al. 2005b; Robertson et al. 2006b; Hopkins et al. 2006a), but
it was not included in those previous studies on formation of
z ~ 6 quasars.

3. We employ a self-regulated model for the growth of
SMBHs, in which the accretion is regulated by the BH feedback
and the rate is under the Eddington limit. In the previous studies,
the BH growth was unregulated, but instead a constant or super-
Eddington accretion rate was used.

4. In our simulations, we do not consider BH ejection caused
by gravitational recoil owing to insufficient resolution and lack
of relativistic physics. However, the halo escape velocities in our
simulations are in the range of 486—1284 km s~!, much larger
than the kick velocity ~100—475 km s~! (e.g., Herrmann et al.
2006; Baker et al. 2006; Gonzalez et al. 2007b; Herrmann et al.
2007, see §§ 2.5.5 and 3.4 for more details). Therefore, BH ejec-
tion may be negligible in our case. Previous studies had much
smaller halo progenitors at higher redshifts than ours, so the BH
seeds would be more likely subject to ejection from their halos.
This leads to the conclusion in these studies that constant or
super-Eddington accretion is needed owing to significant BH
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ejection. Our results are robust within the best estimates cur-
rently available for the recoil velocity of the BH binary.

5. The BH seeds in the galaxy progenitors in our simulations
are massive (e.g., ~10 M, at z ~ 14). The subresolution recipe
in our model does not allow us to resolve the actual formation
and accretion of such BHs below this mass scale. The formation
of these seeds is an unsolved problem, but our results do not
depend on the specific prescription of the formation process. We
adopt a picture in which the seed holes come from the remnants
of the first stars (which have a mass 200 M, atz = 30) and grow
under the Eddington limit until they enter the merger tree we
simulated. If the growth is delayed by radiation feedback from
the Population III stars (e.g., Johnson & Bromm 2007), then super-
Eddington accretion or other proposed scenarios (e.g., Bromm &
Loeb 2003; Begelman et al. 2006) may be necessary to form
massive seeds of ~10° M, in the protogalaxies.

Overall, we conclude that the results from our simulations,
which are more realistic and more detailed than the models pre-
viously done, are robust. SMBHs of ~10° M, can form rapidly
through gas-rich hierarchical mergers under the Eddington limit,
even within a short period of time. We find that constant or super-
Eddington accretion is not necessary unless the above assump-
tions in our modeling break, i.e., there are no massive BH seeds of
10° M, available atz ~ 14, or the recoil velocity of the coalescing
BH binary is extremely high (e.g., >1000 km s~!). Under these
extreme circumstances, some “exotic” processes such as super-
Eddington accretion may be necessary to grow a ~10° M, SMBH
within a few hundred million years. However, we should note,
as pointed out by Bogdanovic et al. (2007), that most gas-rich
galaxy mergers have a configuration such that the orbit and spins
of both BHs are aligned with the large-scale gas flow owing to
torques from accreting gas. Such a configuration has a maximum
kick velocity <200 km s~!, which is well below the escape veloc-
ity of a 1010 M, dwarf galaxy, as well as those of the halos in our
modeling.

4.2. Merging History of Black Holes

During the galaxy mergers, the BHs follow their host halos to
the system center and can form binaries (or multiple systems).
The coalescence of a BH binary includes three distinct phases:
inspiral, merger, and ringdown (e.g., Flanagan & Hughes 1998).
Whether BH binaries can coalesce on short timescales is a matter
of debate. In a stellar environment, it has been argued that a bi-
nary hardens very slowly owing to an eventual depletion of stars
that cause the binary to lose angular momentum (e.g., Begelman
et al. 1980; Milosavljevi¢ & Merritt 2003). In a gaseous envi-
ronment, however, numerical simulations by Escala et al. (2004)
and Y. Li (2007, in preparation) show that the binaries decay
rapidly owing to strong dynamical friction with the gas, and they
likely merge within 107 yr. Because our galaxies are very gas-rich
and have large central concentrations of gas during the mergers,
we assume that the BH particles coalesce once their separation
decreases below our spatial resolution (30 4~ pc) and their rel-
ative speed falls below the local gas sound speed (Springel et al.
2005b).

In the simulations, we have neither sufficient resolution nor
the relativistic physics to consider the ejection of BHs by grav-
itational recoil during the merger phase. However, as discussed
in §§ 2.5.5 and 3.4, the halo escape velocities in our simulations
are much larger than the maximum kick velocity for BH binaries
estimated from the latest relativistic calculations. So BH ejection
is likely unimportant in our modeling. To accurately address
gravitational recoil in the galaxy merger simulations, we need to
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include general relativity, resolve the dynamics of BH binaries
with extremely high resolution, and calculate the halo potential
in a cosmological context (in which halo potential distribution
may be different from that of a single object). However, such a
comprehensive treatment is impossible at the moment. We there-
fore assume that the BHs merge quickly once they reach the
stage of gravitational radiation.

These coalescing SMBHs will be strong sources of gravita-
tional radiation detectable by the Laser Interferometer Space An-
tenna (LISA; Folkner 1998), as suggested by many authors (e.g.,
Thorne & Braginskii 1976; Haehnelt 1998; Flanagan & Hughes
1998; Menou et al. 2001; Hughes 2002; Sesana et al. 2005;
Koushiappas & Zentner 2006). By tracing the merging history
of the SMBHs, LIS4 could shed light on the distribution, struc-
tures, and evolution of the associated dark matter halos. Be-
cause luminous, high-redshift quasars are likely sites of vigorous
hierarchical mergers, they may be the best targets for LISA4 to ex-
plore the early universe.

4.3. Feedback from Starburst-driven Winds

Vigorous star formation would induce a galactic wind and
mass outflow, a phenomenon that has been observed to prevail in
both local star-forming galaxies as indicated by blueshifted op-
tical absorption lines (e.g., Martin 1999, 2005; Heckman et al.
2000; Rupke etal. 2002, 2005) and Lyman break galaxies at z ~ 3
as indicated by blueshifted interstellar absorption lines and red-
shifted Ly emission lines (e.g., Pettini et al. 2002; Shapley et al.
2003), as well as Ly« emitters at z ~ 5.7 (Ajiki etal. 2002). These
galactic winds are generally thought to play a significant role in
galaxy evolution (for recent reviews see, e.g., Veilleux et al. 2005;
T. J. Cox et al. 2007, in preparation).

The strong starburst preceding the major quasar phase in our
simulations may drive strong galactic winds and affect the BH
growth. To investigate the impact of the feedback from a starburst-
driven wind on the growth of the BH, we have done the same
merger simulation with lower resolution (N ~ 5 x 10%) and
with a canonical wind model from Springel & Hernquist (2003b):
the wind efficiency n = 0.5, which measures the coefficient
of the star formation that determines the mass outflow; the en-
ergy fraction from supernovae injected into the wind x = 0.25;
wind free travel length L,, = 20 kpc; and a wind velocity V,, =
418 km s~!. As demonstrated by T. J. Cox et al. (2007, in prep-
aration), this wind model is able to reproduce the starbursts as
observed in Lyman break galaxies and therefore is suitable to our
study.

We find that the impact of the starburst-driven wind on the
quasar evolution is minor, as shown in Figure 14. The histories
of both star formation and BH growth remain roughly the same
as in the simulation without a starburst wind, only the amplitude
is lowered by a factor of ~1.5. Similarly, the final masses of the
BH and the stars are reduced by roughly the same factor, but the
quasar host is still on the Mg -Mpyg correlation. The peak quasar
phase is delayed to z ~ 6. Overall, the starburst wind affects the
gas dynamics locally, but owing to the deep potential of the sys-
tem, its impact on the process of quasar formation is minor. Our
results support the finding by T. J. Cox et al. (2007, in prepara-
tion) that feedback from starburst-driven winds alone is inef-
fective at regulating the growth of the central BH, so feedback
from the BH plays the dominant role in the formation and evo-
lution of quasars.

4.4. Abundance and Fate of Quasar Halos at z ~ 6

Because we have so far simulated only one quasar in a volume
of 1 h=3 Gpc?, we are not yet able to constrain the expected
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abundance of quasars at z ~ 6. As mentioned in § 2.3, at a given
redshift, cosmological simulations with parameters from WMAP1
produce more massive halos than runs with WMAP3 owing to a
larger value of og. Figure 15 shows the number of halos atz ~ 6
from the zoom-in runs with parameters from both WMAP1 and
WMAP3. There are about three dozen halos with mass M >
10'2 M, in the WMAPI run, while in the WMAP3 run there are
only a handful of such halos. However, since in our picture the
quasar activity depends not only on the halo mass but also on the
merging history, an accurate estimate of the quasar abundance
and luminosity function would require hydrodynamical simulations
of all the quasar candidates in a large box, which are currently
unavailable. Nevertheless, all conditions being equal, the change
from the WMAP3 parameters would produce fewer luminous qua-
sars at z ~ 6. This suggests that in a WMAP3 cosmology, the
quasar observed with the largest redshift, J1148+5251, might
have formed in a slightly higher overdensity peak than that we
have presented here. In that event, if the WMAP3 determination
of og were correct, we would need to identify a rarer density fluc-
tuation to match J1148+5251 at its observed redshift. However,
this does not change our conclusion that the most distant and lu-
minous quasars can form from hierarchical galaxy mergers in the
ACDM cosmology.

Imaging surveys of J1148+5251 show that there is no other
luminous quasar from the same epoch in the field (Carilli et al.
2004; White et al. 2005; Willott et al. 2005). In our simulations,
around the peak of quasar activity at z ~ 6.5, there are no other
halos of mass >1012 M, within a few Mpc of this quasar. How-

the peak quasar activity demonstrate that this region was once
highly clustered with massive halos, but they merged to become
a bigger one by z = 6.5.

As seen from Figure 3, this quasar halo will undergo a handful
of major mergers at a later time from z ~ 4 to 1 and eventually
end up as a cD-like galaxy at the center of arich cluster. Since we
do not follow hydrodynamically the evolution of the quasar at
z < 4, the physical conditions of these mergers remain unde-
termined. It is not clear whether this halo would experience more
episodes of starburst or quasar activity later on during these
mergers. Therefore, the final BH mass and other properties of this
quasar at the present day are deferred to future simulations that
follow its evolution to z = 0.

4.5. Galaxies in the Epoch of Reionization

The epoch of reionization (EOR) is an important landmark
event in cosmic history that constrains the formation of the first
luminous objects (Loeb & Barkana 2001). The recent results of
WMAP3 indicate that the universe was 50% reionized atz ~ 9.3
(Page et al. 2007; Spergel et al. 2007), while studies of Gunn-
Peterson absorption (Gunn & Peterson 1965) suggest that reioniza-
tion began as early as z ~ 14 and ended atz ~ 6 (Fan et al. 2006).
At present, it is believed that the reionization sources are star-
forming galaxies since there are insufficient quasars atz > 6 as in-
dicated by the steep quasar luminosity function (Fan et al. 2006).

The galaxy progenitors of the quasar in our simulations under-
went extreme and prolonged starbursts before z ~ 6.5. Less ex-
treme galaxies in this epoch may also have vigorous star format-
ion histories. Detecting these galaxies and determining their con-
tribution to reionization will be crucial to understanding the EOR
(Hernquist & Springel 2003; Barton et al. 2004; Davé et al.
2006). As reviewed by Hu & Cowie (2006), recent observations
using both broadband colors (e.g., Dickinson et al. 2004; Yan
et al. 2005; Bunker et al. 2004; Bouwens et al. 2004; Giavalisco
et al. 2004; Egami et al. 2005; Eyles et al. 2005, 2007; Mobasher
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et al. 2005; Yan et al. 2006) and narrowband Ly« emission (e.g.,
Hu et al. 2002; Malhotra & Rhoads 2004; Stern et al. 2005) have
detected ~500 galaxies atz ~ 6 and a handful atz 2 7 (Bouwens
etal. 2005). The low-luminosity density of galaxies currently de-
tected at z > 7 seems insufficient to reionize the universe. How-
ever, ongoing surveys with HST and Spitzer, as well as future
missions such as the Dark Ages z Lya: Explorer (DAzLE; Horton
etal. 2004) and the James Webb Space Telescope (JWST; Windhorst
et al. 2006), will search deeper and further for high-redshift objects
and may eventually unveil ionizing sources in the EOR.

5. SUMMARY

We have presented a model that accounts for the SMBH
growth, quasar activity, and host galaxy properties of the most
distant quasar observed atz = 6.42, by following the hierarchical
assembly of the quasar halo in the standard ACDM cosmology.
We employ a set of multiscale simulations that include large-scale
cosmological N-body calculations and hydrodynamic simulations
of galaxy mergers and a recipe for BH growth self-regulated by
feedback. We first perform a coarse N-body simulation in a vol-
ume of 1 A3 Gpc? to identify the largest halo at z = 0, which is
assumed to be the descendant of the earliest luminous quasar. We
then “zoom in” on the halo and resimulate the region with higher
resolution sufficient to extract its merging history starting from
very high redshift. The largest halo at z ~ 6 reaches a mass of
~5.4x10'2 h~! M, through seven major mergers between
z ~ 14.4 and 6.5. These major mergers are again resimulated
hydrodynamically using galaxy models and recipes for star for-
mation, SMBH growth, and feedback.

We find that the quasar host galaxy builds up rapidly through
gas-rich major mergers, with SFRs up to 10* M yr~!, reaching
a stellar mass of ~10'? M, atz ~ 6.5. The BHs grow through gas
accretion under the Eddington limit in a self-regulated manner
owing to their own feedback. As the galaxies merge, the BHs
coalesce to form a dominant BH, reaching a peak accretion rate
of ~20 M, yr_] and a mass of Mgy ~ 2x10° Mg atz ~ 6.5.
Feedback from BH accretion clears away the obscuring gas from
the central regions, making the quasar optically visible fromz ~ 7.5
to 6. At the peak of the quasar phase, the SFR, metallicity, BH
mass, and quasar luminosities of the simulated system are con-
sistent with observations of J1148+5251.
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Our results demonstrate that rare and luminous quasars at high
redshifts can form in the standard ACDM cosmology through
hierarchical, gas-rich mergers, within the available cosmic time
up to the early epoch of z = 6.5, without requiring exotic pro-
cesses. Our model should also provide a viable formation mech-
anism for other distant, luminous quasars. Moreover, we predict
that quasar hosts at high redshifts follow a similar Mg -Mpyige
correlation observed locally as a result of the coeval evolution
of the SMBHs and host galaxies. Better measurements of BH
masses and host properties with future observations will therefore
be crucial to test our prediction. Furthermore, we predict that the
progenitors of the distant quasars undergo strong and prolonged
starbursts with rates ~103 M, yr~' at higher redshifts z > 8,
which would contribute to the reionization of the universe. De-
tecting these early galaxies and unveiling the epoch of reioni-
zation will be an important goal of current and future missions in
observational cosmology.
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