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ABSTRACT

The detection of large quantities of dustzr- 6 quasars by infrared and radio surveys presents puzzléssfor
formation and evolution of dust in these early systems. iBusly (Li et al. 2007), we showed that luminous
quasars a > 6 can form through hierarchical mergers of gas-rich gakdad that these systems are expected
to evolve from starburst through quasar phases. Here, walats the dust properties of simulated quasars and
their progenitors using a three-dimensional Monte Cardigative transfer code, ART- All-wavelength Radia-
tive Transfer with Adaptive Refinement Tree. ARficorporates the radiative equilibrium algorithm develdp
by|Bjorkman & Wood |(2001) which treats dust emission selfigistently, an adaptive grid method which can
efficiently cover a large dynamic range in spatial scalescamdcapture inhomogeneous density distributions,
a multiphase model of the interstellar medium which accefmtthe observed scaling relations of molecular
clouds, and a supernova-origin model for dust which canamphe existence of dust in cosmologically young,
starbursting quasars. By applying AR the hydrodynamic simulations lof Li et/dl. (2007), we regiroe the
observed spectral energy distribution (SED) and infertexd droperties of SDSS J1148+5251, the most distant
quasar detected in the Sloan survey. We find that the dustrdiradeéd emission are closely associated with
the formation and evolution of the quasar host. As the systeoives from a starburst to a quasar, the SED
changes from being dominated by a cold dust bump (peaking®Q@.:m) to one that includes a prominent
hot dust component (peaking-at3m), and the galaxy evolves from a cold to a warm ultralumiriafrared
galaxy (ULIRG) owing to heating and feedback from star faioraand the active galactic nucleus (AGN).
Furthermore, the AGN activity has significant implicatidos the interpretation of observable aspects of the
hosts. The hottest dust ¢ 10° K) is most noticeable only during the peak quasar activitg eorrelates with
the near-IR flux. However, we find no correlation between thefsrmation rate and far-IR luminosity during
this phase owing to strong AGN contamination. Our resultgysst that vigorous star formation in merging
progenitors is necessary to reproduce the observed dysipies ofz ~ 6 quasars, supporting a merger-driven
origin for luminous quasars at high redshifts and the statkio-quasar evolutionary hypothesis.
Subject headingsquasar: formation — quasar: evolution — quasar: high rétshigalaxies: starbursts
— infrared: galaxies — radiative transfer — interstellardioen — dust, extinction —
individual: SDSS J1148+5251

1. INTRODUCTION ture” quasars and the formation of their hosts in rapid star-

High-redshift quasars are important for understanding thePUrsts at even higher redshifisf 10).
formation and evolution of galaxies and supermassive black . Follow-up, multi-wavelength observations have been car-
holes (SMBHSs) in the early Universe. In the past few years, rled’()).utforthesew 6 quasars, from X-ray (e.g.,.Brandt eral.
nearly two dozen luminous quasars have been discovere@Q02;  Strateva et al. 2005; Vignali et al. 2005; Steffen 2t al
by the Sloan Digital Sky Survey (SDSS; York et al. 2000) 2006; Shemmer et £l. 2005, 2006), to optical /infrared (e.g.

: Barth et all. 2003; Pentericci etlal. 2003; Freudling &t ab30
and the Canada-France High-z Quasar Survey (CFHQSES —— 5 A =
Willott et all [2007) atz ~ 6, corresponding to a time when White et al. 2005; Willott et al. 2005; Hines et al. 2006), and

the Universe was less than a billion years did (Fan et al.[adio wavelengths (e.gl, Carilli etal. 2001 _Bertoldiét al
2003,(2004, 20062,b). As summariZed bv | Fan (2006) 2003b; [ Walter et al!_2003;_Carilli etlal. 2004; Wang €t al.
thesé quasalrs aré r,aré L0 Mpc3 comovingj)' beIie;/_ed '2007). A noteworthy result of these studies is their detec-

. tion of dust in these high-redshift objects. In particular,
to be powered by SMBHs with masses 10°M, (e.g., : . [ )
Willott et al| [2003;| Barth et al. 2003); reside near the end deep infrared and radio surveys (e... Robsonlatal.12004;

T o Bertoldi et al.l 2003a;_Carilli et al. 2004; Charmandarislet a
of the epoch of reionization, as indicated by Gunn—PetersonZOOzl; Beelen et al. 2006; Hines etlal. 2006) have revealed a

absorption troughs (Gunn & Peterson 11965) in their spectra, :
and have similar spectral energy distributions (SEDS) andlarge amount of cold dus_t in SDSS J1148+5251 (hereafter
e : J1148+5251), the most distant Sloan quasar detected at red-

comparable metallicity to lower-redshift counterpartg(e hift 2= 6.42 (F 3l 2003). The dust . timated t

Elvis et al. 1994| Glikman et al. 2006; Richards et al. 2006; Eel Zl_ 7 1"086"\5: € aT.he det)éctioen Ol]fsdurgflfss;sisrg?gﬁedo
: = - ’ P ~1-7x o-

Hopkins et all 2004d), implying the early presence of “ma in the first four CFHQS quasars at> 6, including the new

record holder CFHQS J2329-0301zt 6.43 (Willott et al.
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2007). Maiolino et al.[(2004) argue, from the observed dust
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extinction curve of SDSS J1048+4637zat 6.2, that the dust  |Robertson et al. 2006). In this picture, quasars are, there-
in these high-z systems may be produced by supernovae. fore, descendents of starburst galaxies (Sanderslet af; 198

Jiang et al.|(2006) have performed a comprehensive studyNorman & Scoville 1988; Scoville 2003).
of thirteenz ~ 6 quasars by combining ne8pitzerobserva- To make detailed contact with observations of- 6
tions with existing multi-band data. It appears that neally = quasars, it is necessary to theoretically predict the SHDs o
13 of these quasars exhibit prominent infrared bumps aroundhese systems and how they evolve with time. Solving ra-
both A ~ 3um and X ~ 50um. In a dusty galaxy, most of diation transport in dusty, starbursting quasars is, hewev
the radiation from newly formed stars or an AGN is ab- difficult owing to the non-locality of the sources, the opgci
sorbed by dust and re-emitted at infrared wavelengths. Theand multiphase character of the interstellar medium, aad th
SEDs of star-forming galaxies typically peak at 50 —80 complex morphology of these systems. Over the last several
(rest frame) and can be approximated by a modified black-decades, a variety of numerical techniques have been devel-
body spectrum with dust temperatures below 100 K (e.g.,oped to solve the radiative transfer problem with diffetewnt
Dunne & Eales 2001), while in quasars, some dust can beels of approximation and in multi-dimensions. Based on the
heated directly by the AGN to temperatures up to 1200 K specific algorithms employed, the approaches can be classi-
(e.g.,.Glikman et al. 2006) and dominate the near- to mid-IR fied into two general categorieinite-differenceand Monte
emission. Therefore, the observations by Jianglet al. (2006 Carlo methods (e.gl,_ Jonsson 2006; see also Pascucci et al.
indicate the presence of large amounts of both hot and cold2004 who describe the codes as “grid-based” or “particle-
dust in these high-z systems. based” by analogy to hydrodynamic solvers).

However, the nature of the dust, and its formation and evo- Finite-differencecodes solve the equations of radiative
lution in the context of the quasar host, are unclear. For ex-transfer (RT) iteratively using finite convergence crieri
ample, the dust distribution is unknown. It has been suggest They either solve the moment equations for RT, originally
that the hot dust lies in the central regions and is heatedhby a formulated by | Hummer & Rybicki | (1971) for spherical
AGN to produce near-IR emission (Rieke & Lebofsky 1981; geometry with a central point source (eig., Scoville & Kwan
Polletta et al. 2000; Haas et al. 2003), while the warm and|1976;/ Leung 1976; Yorke 1980; Wolfire & Cassinelli 1986;
cold dust can extend to a few kpc and dominate at mid-IR andMen’shchikov & Henning | 1997; | Dullemond & Turolla
far-IR wavelengths (Polletta etlal. 2000; Nenkova €t al.2200 |2000), or employ ray-tracing methods on a discrete
Siebenmorgen et al. 2005). However, the relative impodanc spatial grid for complex density configurations (e.g.,
of heating by stars and AGN activity is uncertain. This is es- IRowan-Robinson | 1980; | Efstathiou & Rowan-Robinson
sential to an accurate determination of the star formata r 11990, |1991; | Steinacker etlal. 2003;__Folini et al. 2003;
(SFR), but cannot be inferred simply from observed SEDs. Steinacker et al. 2006). This technique provides full error
Currently, the most common method used to derive a starcontrol but can be time-consuming.
formation rate is to assume that most of the FIR luminosity Monte Carlo methods sample and propagate photons
comes from young stars. However, if the FIR luminosity is probabilistically (e.g., | Witt | 1977; Lefevre etial. 1982,
mainly contributed by an AGN, then the SFR would be sub- 1983; |[Whitney & Hartmann | 1992;| Wittetial.| 1992;
stantially reduced. Finally, it is not known how the SED and |Code & Whitney | 1995;| Lopez etal. 1995; Lucy 1999;
dust content of a quasar and its host evolve with time. Wolf et all [1999; | Bianchietal.| 2000;__Harries 2000;

In order to address these questions, we must combine @Bjorkman & Wood | 2001;| Whitney et all 2003b; Jonsson
model for the formation of a quasar with radiative transtdrc =~ 2006; Pinte et al. 2006). The Monte Carlo technique is more
culations that treat dust emission self-consistently ot flexible than the finite-difference one because it tracks the
the physical properties, environment, and evolution ofsgua  scattering, absorption and re-emission of photons (orgrhot
hosts and their dust content. packets) in detail, and can handle arbitrary geometrigdsatou

Earlier (Liet al. 2007), we developed a quasar formation the cost of computational expense to reduce Poisson noise.
model which self-consistently accounts for black hole glgw ~ However, advances in computing technology and algorithms

star formation, quasar activity, and host spheroid forargith have made high-accuracy Monte Carlo RT calculations
the context of hierarchical structure formation. We emplby  feasible and popular.
a set of multi-scale simulations that included large-scake In particular, Bjorkman & Woadd (2001) have developed a

mological simulations and galaxy mergers on galactic s¢cale Monte Carlo code to handle radiative equilibrium and tem-
together with a self-regulated model for black hole growth, perature corrections, which calculates dust emission self
to produce a luminous quasarat 6.5, which has a black  consistently. It conserves the total photon energy, ctsrec
hole mass+{ 2 x 10°M,) and a number of properties similar  the frequency distribution of re-emitted photons, and iegu

to J1148+5251 (Fan etlal. 2003). In our scenario, luminous,no iteration as the dust opacity is assumed to be indepen-
high-redshift quasars form in massive halos that originatedent of temperature. This code has been used in a num-
from rare density peaks in the standar@DM cosmology, ber of applications, including protostars that have a disk
and they grow through hierarchical mergers of gas-richhgala and an envelope with a single heating source in the cen-
ies. Gravitational torques excited in these mergers trigge ter (e.g.,. Whitney & Hartmann 1992, 1993; Whitney €t al.
large inflows of gas and produce strong shocks that result in2003a,b,. 2004); circumstellar envelopes (e.g., Woodlet al.
intense starbursts (Hernquist 1989; Barnes & Hernquist 199 11996a,b, 1998); protoplanetary systems (e.g., Wood et al.
1992,11996; Hernguist & Mihos 1995%; Mihos & Hernguist [2002;|Rice et all 2003); and galaxies that include a bulge
1996) and fuel rapid black hole accretion (Di Matteo et al. and a disk with multiple heating sources from these two
2005; | Springel et all 2005a). Moreover, feedback from populations (e.g., Wood & Jones 1997; Wood & Lioeb 2000).
the accreting black hole disperses the obscuring material,This code has also been able to generate optical-far-IR
briefly yielding an optically visible quasar (Hopkins etal. SEDs that reproduce those of a sample of 21 X-ray se-
2005¢,h,al_2006), and regulating theso correlation be-  lected AGNs|(Kuraszkiewicz et al. 2003), and the version of
tween the SMBHSs and host galaxies (Di Matteo et al. 2005; Whitney et al. [(2003b) has been applied to simulations of
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galaxy mergers with black hole feedback to study the local inal code. More important, it captures the inhomogeneous
ULIRGs (Chakrabarti et al. 2007a) and submillimeter galax- density distribution in galaxy mergers and reproduces bie o
ies (Chakrabarti et &l. 2007b). served SED and dust properties of J1148+5251 based on the
In order to produce accurate SEDs of quasars and their hostsimulations of Li et al.[(2007). Therefore, ARTan be used
formed by galaxy mergers, aslin Li et al. (2007), the RT code to predict multi-wavelength properties of quasar systents a
must satisfy the following requirements: (1) to be able tn-ha  their galaxy progenitors.
dle arbitrary geometries and distributed heating sour(®s; This paper is organized as follows. In § 2, we describe our
resolve the large dynamic ranges in spatial scales and-densicomputational methods and models, including the multiesca
ties in the merger simulations; (3) incorporate a multighas simulations of_Li et al. [(2007) for ~ 6 quasar formation,
description of the interstellar medium (ISM); and (4) emplo and our implementation of ARTwhich incorporates radia-
a dust model appropriate for a young starburst system. tive equilibrium as in_Bjorkman & Wood (2001), an adaptive
In many earlier applications, radial logarithmic or uni- grid, a multiphase ISM, and a supernova-origin dust model.
formly spaced meshes were used to generate density griddn § 3, we present the multi-wavelength SED from optical to
However, in merging galaxies, the ISM is clumpy and irreg- submillimeter of a simulated quasarzat 6.5. The dust dis-
ular owing to shocks and tidal features produced during thetribution and properties of the quasar are discussed in 84 an
interactions, and has multiple density centers, makingdog we describe their evolution in § 5. We consider the robustnes
rithmic algorithms inefficient. In such a situation, an adap of our results in § 6 and summarize in § 7.
tive grid approach appears ideal for resolving localizeghhi

density regions, while still covering the large volumes of 2. METHODOLOGY
merging systems (Wolf et al. 1999; Kurosawa & Hillier 2001;  In order to capture the physical processes underlying the
Harries et al. 2004; Jonsson 2006). formation and evolution of quasars in the early Universe, an

In addition, dust models commonly used in previous to compare their multi-wavelength properties to obseoves;j
works are based on observed extinction curves for the Milky we combine quasar formation and radiative transfer calcu-
Way (e.g., Weingartner & Draine 2001; Calzetti et.al. 1994; |ations. We first perform a set of novel multi-scale simula-
Kim et al.[1994] Mathis et al. 1977; Calzetti et al. 2000), in tjons that yield a luminous quasarat 6.5 (Li et all[2007).
which the dust is assumed to be produced mainly by old, we then apply the 3-D, Monte Carlo radiative transfer code,
low-mass stars with ages 1 Gyr (Mathis| 1990; Whittet ~ ART2, to the outputs of the hydrodynamic galaxy mergers
2003; [ Dwek| 2005).  However, a large amount of dust simulations to calculate the SED of the system. The models
(~ 1-7x10°M) is detected in thez ~ 6.42 quasar  and simulations of quasar formation are described in dietail
host (Bertoldi et al. 2003a) at a time when the Universe [[jet all (2007). Here, we briefly summarize the modeling of

was only ~ 850 Myr old. It has been suggested by ob- quasar formation, and the specifications of ART
servations (e.g., Maiolino etial. 2004, 2006; Moseley et al.

1989; Dunne et al. 2003; Morgan etlal. 2003; Sugerman et al. 2.1. Formation Model of z- 6 Quasars
2006) and theoretical studies (e.g., Todini & Ferrara 2001;
Nozawa et al.| 2003; _Schneider et al. 2004; Nozawalet al.
2007;| Bianchi & Schneider 2007) that supernovae can pro- Thez~ 6 quasars are rare (space densityGpc comov-
vide fast and efficient dust formation in the early Universe, ing), and appear to be powered by supermassive black holes
motivating other choices for the dust model in the RT calcu- of mass~ 10°Mg. Therefore, simulations of high-redshift
lations. guasar formation must consider a large cosmological volume
Finally, in a multiphase description of the ISM toaccommodate the low abundance of this population, have a
(McKee & Ostriker [1977), as adopted in our simula- large dynamic range to follow the hierarchical build-uphuo t
tions (Springel & Hernquist 2008a,b; Hopkins etlal. 2006), quasar hosts, and include realistic prescriptions for fetar
the “hot-phase” (diffuse) and “cold-phase” (dense molacul mation, black hole growth, and associated feedback mecha-
and HI core) components co-exist under pressure equitibriu  nisms. The multi-scale simulationslin Li et al. (2007) ird=u
but have different mass fractions and volume filling factors both N-body cosmological calculations in a volume of 3&pc
(i.e., the hot-phase gas is 10% in mass buf> 99% in to account for the low number density of quasara-at, and
volume), so both phases contribute to the dust extinctieh an hydrodynamical simulations of individual galaxy mergens o
should therefore be included in the RT calculations. galactic scales to resolve gas-dynamics, star formatiod, a
We have refined the Monte Carlo RT code developed black hole growth.
by [Bjorkman & Wood |(2001) and_Whitney etial. (2003b)  First, we perform a coarse dark matter-only simulation in
by implementing: an adaptive grid algorithm similar to a volume of 3Gp& The largest halo at = 0, within which
that of [Jonsson| (2006) for the density field and the ar- early, luminous quasars are thought to reside (Springél et a
bitrarily distributed sources; a multiphase ISM model [2005b), is then selected for resimulation at higher resolu-
(Springel & Hernguist 2003a) which accounts for observed tion. The evolution of this halo and its environment is re-
scaling relations of molecular clouds for the dust disthiiug simulated using a multi-grid zoom-in technique (Gao et al.
and a supernova-origin dust model for the opacity using the2005%) that provides much higher mass and spatial resolu-
grain size distribution of Todini & Ferrara (2001). We refer tion for the halo of interest, while following the surround-
to our new code as ART(All-wavelength Radiative Transfer ing large-scale structure at lower resolution. The merging
with Adaptive Refinement Tree). ARTs capable of produc-  history of the largest halo a~ 6, which has then reached
ing SEDs and images in a wide range of wavelengths froma mass of~ 7.7 x 101*M, through seven major (mass ra-
X-ray to millimeter. In the present paper we focus on the tio < 5:1) mergers between redshifts 14.4 and 6.5, is ex-
dust properties from optical to submillimeter bands. As we tracted. These major mergers are again re-simulated hydro-
show in what follows, AR¥ reproduces the spectrum of a dynamically using galaxy models which include a Hernquist
single galaxy with bulge and disk calculated with the orig- (1990) halo and an exponential disk scaled appropriately fo

2.1.1. Multi-scale Simulations
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redshift (Robertson et £l. 2006), and adjusted to account fo Age of the Universe (Gyr
mass accretion through minor mergers. Each of these eight 0. 0.38 0.47 0.83 0.92 1.52
galaxy progenitors has a black hole seed assumed to orig- — T T T —

inate from the remnants of the first stars (Abel etal. 2002;

[aV]
©

T

Bromm & L arson 2004, Tan & McKee 2004; Yoshida et al. Y 4
2003, 2006; Gao et al. 2007). >
The simulations were performed using the parallel, N- zo 3
body/Smoothed Particle Hydrodynamics (SPH) code GAD-
GET2 (Springel | 2005), which conserves energy and &
entropy using the variational principle formulation of w2
SPH (Springel & Hernquist 2002), and which incorpo- §°

rates a sub-resolution model of a multiphase interstellar
medium to describe star formation and supernova feedback
(Springel & Hernquist 2003a). Star formation is modeled fol 1
lowing the Schmidt-Kennicutt Law (Schmidt 1959; Kennicutt
1998a). Feedback from supernovae is captured by an effectiv
equation of state for star-forming gas (Springel & Herntjuis
2003a). A prescription for supermassive black hole growth
and feedback is also included, where black holes are rep-
resented by collisionless “sink” particles that interacivi-

Log BHAR (Mg yr™)
|

tationally with other components and accrete gas from their -2

surroundings. The accretion rate is estimated from thd loca

gas density and sound speed using a spherical Bondi-Hoyle  _g | L |
(Bondi & Hoyle[1944] Bondi 1952) model that is limited by ' L L
the Eddington rate. Feedback from black hole accretion is o e

modeled as thermal energy injected into the surrounding gas
(Springel et all 200%a; Di Matteo etlal. 2005). We note that
implementations of our model for black hole growth and feed-
back that do not explicitly account for Eddington-limitect a
cretion achieve similar results to the method employed by
us (e.g. compare the works bf Di Matteo etlal. 2007 and
Sijacki et all 2007).

These hydrodynamic simulations adopted tA€DM 5
model with cosmological parameters from the first year —
Wilkinson Microwave Anisotropy Probe data (WMAP1, 14 12 10 8 6
Spergel et al. 2003) X, b, Q, h, ns, 0g)= (0.3, 0.04, 0.7, Redshift z
0.7,1,0.9). In this paper, we use the same parameters.

— Mgy

-------- 0.002M

Log Mass (Mg)
N

star
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2.1.2. Hierarchical Assembly of the Quasar System FiG. 1.— Evolution of the star formation rate, black hole adoretrate,

In the simulation analyzed here, the quasar host galaxyg;‘gté"n?zszej gfgf‘gdbé%fgdhf?fﬁ i?gtiifr?éégs;g"eCt've'y' siithdated quasar
builds up hierarchically through seven major mergers of gas
rich progenitors between= 14.4-6.5. Gravitational inter-
actions between the merging galaxies form tidal tails,ngro
shocks and efficient gas inflows that trigger intense statbur
The highly concentrated gas fuels rapid black hole acaretio sities bring the SMBH accretion and feedback to a climax.
Figure[1l shows the evolution of some aspects of the systemThe black hole reaches a mass-of2 x 10°M., and has
Betweenz ~ 14-9, the merging galaxies are physically small a peak bolometric luminosity close to that of J1148+5251.
and the interactions occur on scales of tens of kiloparsecsBlack hole feedback then drives a powerful galactic wind tha
By z~ 9-7.5, when the last major mergers take place, the in- clears the obscuring material from the center of the system.
teractions have increased dramatically in strength. Gedax The SMBH becomes visible briefly as an optically-luminous
are largely disrupted in close encounters, tidal tails sfayad quasar similar to J1148+5251. Once the system relaxes, the
stars extend over hundreds of kiloparsecs, and powerfatbur SMBH and the host satisfy the relation,gM= 0.002 Mstap,
of star formation are triggered, resulting in an average sta similar to that measured in nearby galaxies (Magorrian.et al
formation rate ofv 10°M, yr™! that peaks at~ 8.5. During 1998; Marconi & Hunt 2003), as a result of co-eval evolution
this phase, the black holes are heavily obscured by circumnu of both components (Li et al. 2007; Robertson et al. 2006;
clear gas. The luminosity from the starbursts outshines thalHopkins et al. 2007c).
from the accreting black holes. So, we refer to this period After z< 6 (the “post-quasar phase”), feedback from star
(z~ 14-17.5) as the “starburst phase.” formation and the quasar quenches star formation and self-
Once the progenitors have coalesced, the multiple SMBHsregulates SMBH accretion. Consequently, both star foonati
from the galaxies merge and grow exponentially in mass and quasar activity decay, leaving behind a remnant which
and feedback energy via gas accretion. During this periodrapidly reddens. The object will eventually evolve into acD
(z~ 7.5-6, hereafter referred to as “quasar phase”), the blacklike galaxy by the present day. (For an overview of this sce-
hole luminosity outshines that of the stars. At redsthift6.5, nario, see e.g., Hopkins etial. 2007a,b.)
when the galaxies coalesce, the induced high central gas den The photometric calculations by Robertson et al. (2007)
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expensive (Bjorkman & Wood 2001; Pascucci et al. 2004).

Bjorkman & Wood [(2001) proposed a solution to this prob-
lem by formulating an “immediate reemission” algorithm, in
which the dust temperature is immediately updated upon ab-
sorption of a photon packet, and the frequencies of re-ethitt
photons are sampled from a spectrum that takes into account
the modified temperature. The advantage of this approach is
that dust radiative equilibrium and the radiative transer
lutions are obtained simultaneously without iteration.isTh
algorithm is described in detail in Bjorkman & Woaod (2001);
here we briefly outline the steps.

Assuming that each photon packet carries an erergsnd
after absorption ofN; packets in the —th grid cell, the total
energy absorbed in the cell is

» E?"=NE, . 1)

Fw| Lol 1 M VR | 1
107! 10° 10" 10% 10° In radiative equilibrium, this energy must be re-radiated,
A (um) with a thermal emissivity of, = x, pB,(T), wherek,, is the
rest \M absorptive opacityp is the dust density, anB,(T) is the
Planck function at temperatufie

10°°

107"

10-”

— input
output
Wood2003

107"

+ NGC 5866

10"

FIG. 2.— Test run of the radiative equilibrium algorithm adapfeom

Bjorkman & Wood (2001) on 3-D Cartesian coordinates for apbingalaxy 2hp 3
with a bulge and a disk. The input spectrum of the stars is akbla BV(T) = (2)
body with a temperature of 15000 K (black curve). The red eusvour c2 gwr/KkT) -1

output, the blue curve is simulation data from Kenny Wood,ilevithe : ) ; :
crosses are observations of a lenticular galaxy NGC 5866¢chwias an wherehp is Planck’s constant; the SpeEd of Ilght' andd is

unusual extended dust disk seen exactly edge-on. Both Watzda and Boltzmann’s constant. The emitted energy in the time irsterv
the observations come with the code release package fromyKéfood At is
(http://Iwww-star.st-and.ac.ukkw25/research/montecarlo/gals/gals.html).

E*M=4rAt [ dVi [ pr,B,(T)dv
=47TAU4('E)B{'E)M ; 3)

show that this quasar system satisfies a variety of phot@netr wherexp = [,B, dv/B is the Planck mean opacit =
selection criteria based on Lyman-break techniques. T ma oT4/x is the frequency integrated Planck function, and
sive stellar spheroid descended from theses quasars could s the dust mass in the cell.

be detected at~ 4 by existing surveys, while the galaxy pro-  Equating the absorbeid (1) and emitted (3) energies, we ob-

genitors at higher redshifts will likely require future 88ys  tain the dust temperature as follows after absorhngack-
of large portions of the skyX 0.5%) at wavelengths 2> 1 m ets:
N;L

owing to their low number densities. oT4 = @)
L L

. - : . AN, kp(T)m;
2.2. ART: All-wavelength Radiative Transfer with Adaptive . ] ]
Refinement Tree whereN, is the total number of photon packets in the simu-

lation, andL is the total source luminosity. Note that because
the dust opacity is temperature-independent, the product
xp(Ti)oT# increases monotonically with temperature. Con-
sequently]T; always increases when the cell absorbs an addi-
'tional packet.

The added energy to be radiated owing to the temperature
increaseAT is determined by a temperature-corrected emis-
sivity Aj,, in the following approximation when the tempera-

ART? is based on a unification of the 3-D Monte Carlo
radiative equilibrium code developed by Bjorkman & Wood
(20021) and Whitney et al. (2003b), an adaptive grid, a multi-
phase ISM model, and a supernova-origin dust model. Below,
we describe our implementation of ART

2.2.1. Monte Carlo Radiative Transfer for Dust in Radiative

Equilibrium . . )
ture increaseAT, is small:
The Monte Carlo RT method follows the propagation, dB,(T)
scattering, absorption, and reemission of "photon patkets Aj, ~ Kk, pAT —- (5)
(groups of equal-energy, monochromatic photons that trave dT

in the same direction), by randomly sampling the various The re-emitted packets, which comprise the diffuse raafiati
probability distribution functions that determine the iopt field, then continue to be scattered, absorbed, and reesmitt
depth, scattering angle, and absorption rates. For the dustuntil they finally escape from the system. This method con-
environments we are concerned with, the re-emitted spactru serves the total energy exactly, and does not require any ite
depends on the temperature of the dust, which is assumedtion as the emergent SEBL., = x,B,(T), corresponds to
to be in thermal equilibrium with the radiation field. In the the equilibrium temperature distribution (Bjorkman & Wood
traditional scheme, the frequencies of the re-emittedgisot |2001).

are sampled from local reemission spectra with fixed temper- This Monte Carlo radiative equilibrium code works as fol-
atures. The dust radiative equilibrium is ensured by perfor lows: first, the photon packets are followed to random inter-
ing the Monte Carlo transfer iteratively until the dustteamp  action locations, determined by the optical depth. Theg the
ature distribution converges. Such methods often require aare either scattered or absorbed with a probability given by
large number of iterations and are therefore computatipnal the albedod = nsos/(nsos+naca), Wwheren ando are number
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density and cross section for either scattering or absorpti The adaptive-mesh refinement grid serves as an efficient
respectively). If the packet is scattered, a random sdadfer tree for mass assignment owing to fast neighbor finding withi
angle is obtained from the scattering phase function. If in- the grids for SPH smoothing. After the grid is constructed,
stead the packet is absorbed, it is reemitted immediatedy at the gas properties at the center of each grid cell, such as
new frequency determined by the envelope temperature, usdensity, temperature, and metallicity, are calculatedgidie

ing the algorithm described above. After either scatterarg ~ SPH smoothing kernel (Hernquist & Katz 1989) of the origi-
absorption plus reemission, the photon packet continuas to nal simulation. All physical quantities are assumed to be un
new interaction location. This process is repeated urtihal form across a single cell.

packets escape the dusty environment. Upon completion of Figure[3 gives an example of the adaptive grid applied to
the Monte Carlo transfer, the code produces emergent SEDs snapshot from the galaxy merger simulations in Li et al.
and images at any given inclination for a wide range of broad- (2007), and compared with a uniform grid. This particu-

band filters, including those ¢fubble Space Telescof€IC- lar snapshot represents the time when the system reaches the
MOS bands) Spitzer(IRAC and MIPS bands), anBCUBA peak quasar phase, when the galaxies are in the final stages of
submillimeter bands. coalescence. The system is highly dynamical as much gas is

Bjorkman & Wood [(2001) tested this algorithm extensively falling into the center, while feedback from the central mas
by comparing a set of benchmark calculations to those of sive black hole drives an outflow. The gas distribution issthu
Ivezic et al. (1997) for spherical geometry. Baes et al. 300 inhomogeneous.
critically study the frequency distribution adjustmene¢dsy As is apparent in Figufg 3, a uniform grid of5@op panel)
Bjorkman & Wood (2001), and give a firm theoretical basis barely captures the density distribution with a spatiabhes
for their method, although it may fail for small dust grains.  tion of 4kpc. The resolution is worse than an adaptive grid

One drawback of this code, however, is its fixed geome- with a moderate maximum refinement level (i.e., RL=5, mid-
try and limited dynamic range. It can handle only 2-D or 3- dle panel), which has a finest cell length-of3.1kpc. The
D spherical-polar grids, which are not suitable for captgri ~ grid with a maximum refinement level of 12 shown in the bot-
the arbitrary geometry and large dynamic ranges charaeteri tom panel fully captures the large dynamic range of the gas
tic of merging galaxies, which have multiple density cester density distribution in three dimensions. It has a minimum
and where gas and stars extend hundreds of kpc and shocksell length of~ 24.4 pc for the finest cells, which is compa-
produce highly condensed gas on scales of pcs. We have derable to the spatial resolution of the original hydrodynami
veloped an improved version of this code by implementing an simulation of Li et al.|[(2007). This resolution is equivaiém
adaptive Cartesian grid on top of the code released by Wood a ~ 10006 uniform grid, which is impractical with existing

To ensure that our implementation of the algorithm is cor- computational facilities.
rect, we rerun the test problem that comes with the code re-
lease package of Wood using a uniform Cartesian grid. The . .
test problem consists of a simple galaxy with bulge and disk 2.2.3. A Multiphase Model for the Interstellar Medium
components. As is shown in Figuré 2, our code reproduces In determining the dust distribution, we adopt the multi-

the result of Wood very well. phase model of Springel & Hernguist (2003a) for the ISM.
) ] ) The ISM is then comprised of condensed clouds in pres-
2.2.2. Adaptive-mesh Refinement Grid sure equilibrium with an ambient hot gas, as in the picture

The SPH simulations using GADGET2 (Spririgel 2005) of McKee & Ostriker (1977). In the hydrodynamic simula-
output hydrodynamic information as particle data. However tions, individual SPH particles represent regions of gas th
the ray tracing in the RT calculation is done on a grid. There- contain cold, dense cores embedded in a hot, diffuse medium.
fore, it is necessary to interpolate the particle-baseditien  The hot and cold phases of the ISM co-exist in pressure equi-
field onto a grid.[ Jonssbh (2006) performed radiative trans-librium b_ut have different mass .fractlo.ns and volume filling
fer calculations on SPH simulations of galaxy mergers using factors (i.e., the hot-phase gas<s10% in mass buf 99%
an adaptive grid as implemented in his Monte Carlo RT code,in_volume). In our previous studies, Lietal. (2007) and

SUNRISE. Unfortunately, self-consistent calculationslo§t ~ Hopkins et al.|(2006) used only the hot-phase density to de-
radiative equilibrium and emission are not yet included in termine e.g. the obscuration of the central AGN, as the major

SUNRISE. ity of sight lines will pass through only this component ogin

Our algorithm for constructing adaptive grids is similar to to its large volume filling factor. However, this method give
that oflJonssor (2006). We typically start with a base grid of only an effective lower limit on the column density.
a 4 box covering the entire simulation volume. Each cellis  Here, we consider two components of the dust distribution,
then adaptively refined by dividing it intc*Zub-cells. The  having different dust-to-gas ratios and being associaiéul w
refinement is stopped if a predefined maximum refinementthe two phases of the ISM. Within each grid cell in the RT
level, RL, is reached, or if the total number of particles in calculation, the hot gas is uniformly distributed, whileeth
the cell becomes less than a certain threshold, whicheicer cr cold, dense cores are randomly embedded. Because of the
terion is satisfied first. The maximum refinement level used much higher density and smaller volume of the cold phase, it
in the present work is 12, and the maximum particle numberis impractical to resolve these clouds either in hydrodyicam
allowed in the cell is 32, half the number of the SPH smooth- Simulations or in our radiative transfer calculations. €on
ing kernel neighbors used in the GADGET2 simulations. The sequently, we implement an observationally-motivated; su
resolution of the finest level is therefokg,, = Lbox/Z(R"+1), resolution prescription to treat the cpld C.|OU-dS,.COHBHdIby
whereLpoy is the box length, and RL is again the maximum the obs_erved mass spectrum and size distribution of malecul
refinement level. For example, for the parameters usedsn thi clouds in galaxies.

simulation,Lyox = 200 kpc, RL = 12, we haviemn, = 24.4 pc. Observations of giant molecular clouds (GMCs) in galaxies
show that the GMCs follow simple scaling relatiohs (Larson

L hitp://www-star.st-and.ac. ukkw25/research/montecarlo/gals/gals.html - [1981), namely a power-law mass distributiorl\ /@M o
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Fic. 3.— Example of the adaptive grid applied to a snapshot ofytiiaxy merger from Li et al[(2007). From top to bottom is:fanh grid, and adaptive
grids with maximum refinement levels of RL=5, and RL=12, exdjvely. The label GN indicates the total grid number covgthe entire volume (in case of
adaptive grids, it provides the number of the finest grid duad of the total grid). This plot demonstrates that adapivds with sufficient refinement capture
the density distribution well, while the uniform grid fails do so unless an unreasonably large number of cells is geghlorhroughout this paper, we use a
maximum refinement level of 12, which has a grid resolutiomparable to that of the hydrodynamic simulationsin Li é{2007).
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M2 (e.g./ Fuller & Myers 1992; Ward-Thompson elial. 1994; Integrating over the cloud radius, one obtains

Andre et al.| 1996; Blitz & Rosolowsky 2006), as well as a _ -

power-law mass-radius relatiol o R? (.e.g,/ Sanders et/al. N :wLCRi ‘Rg (16)
1985;| Dame et al. 1986; Scoville et al. 1987; Solomon et al. 3-v

1987; Rosolowsky 2005, 2007). It has been suggested by the- . .
oretical modeling that the mass function is produced byuturb Therefore, the average distance the photon must travel & hi

lence in self-gravitating clouds (e.q., Elmegreen & Fabaer cold cloud (the mean free path) is given by

1996; |Elmegreen 2002| Ballesteros-Paredes & Mag Low _ 3-v
2002;|Lietal. 2003), while the mass-radius relation is at- Lm= —R}” N\ 17
tributed to virial equilibrium{(Larson 1981). WC( 1 _Rg )

Here we incorporate these two empirical relations into our
ISM model for the RT calculations. For a given cell, the
two-phase break-down in_Springel & Hernquist (2003a) de-
termines the hot and cold phase gas density according te pre
sure equilibrium. The cold clouds are assumed to follow the
Larson scaling relations:

In the dust RT calculation, we assume that dust is associated
with both the cold and hot phase gases through certain dust-
Jo-gas ratios. When a photon enters a cell, we first determine
the distance.y, it travels in the hot phase gas before hitting a
cold cloud, which is an exponential distribution function

1 L
p(L) = — exp(——). (18)
:_I\r/]l =AM™, (6) Lm Lm
M =BR’, @) Therefore,Ly, = -LyIn¢&, wheref is a random number uni-

formly distributed between 0 and 1. The radius of the cloud

wheredn/dM is the number density of the clouds differen- the photon just hits is also determined randomly assumieg th
tial in cloud masdvl, andR is the cloud radius. From these jstribution function of Equatioi(15); i.e.,

equations, one obtains the cloud size distribution )
—Y

% = GABLoR(@F+1-) R= [R?{” +(R - Rf{”)&] (19)
=CR", (8) The distancé the photon travels in this cold cloud is again
whereC = BABL®, andy = a3 +1- 4. a random variable given bl = 2R\/€, because clouds are

assumed to be uniformly distributed. These equations com-
pletely define the statistical procedure for determining th
dust column densities associated withandL. as:

Assume that the minimum and maximum values of the
cloud mass arély and My, then the normalization constant
of the mass spectrum for each cell can be determined using

dn Nn = pnln
—MdM = 9
M Xope: ®) 3BRI3L,
or N = - (20)
_ 2-« d
A= X0P67M%—a —Mmza” (10) With a given dust opacity curve, these equations allow one

. . to calculate the optical depths, and . for the hot and cold
wherep. andx. are the cold gas density and volume filling qyst, respectively. They relate the photon path lengthsen t
factor, respectively. The normalization constant of kheR multiphase ISM to the total optical deptky, which is then

relation may be determined using compared with a randomly drawn numbgy to determine

_ 4—7TR3ﬂdM (11) whether the photon should be stopped for scattering or ab-
3 dMm " sorption. In detail, the Monte Carlo ray-tracing procediore
or ) the radiative transfer therefore involves the followingpst:
3/3
B= EW—A (M{ - Mg)} , (12) 1. A photon packet is emitted from either a blackhole or a
X stellar source with random frequencies consistent with
where the source spectra. The photon is emitted with a uni-
n=1+ 3 -a. (13) formly distributed random direction. The probability of
B a photon being emitted by any given source is deter-
The minimum and maximum cloud radii in the cell are there- mined by its luminosity relative to the total.
fore 18 2. A random optical depth over which the photon must
Ro= (%) travel before an interaction with the dust occutss
B -In¢, is drawn to determine the interaction location.
M.\ V8 The interaction includes scattering and absorption. In
R, = <_1> . (14) our method, the photon energies are not weighted, only
B one event is allowed. That is, at any given interaction
For a photon traveling a distantein the cell, the average site, the photon is either scattered or absorbed, but not
number of cold clouds of raditR the photon will intersect is both.
given by

dN dn 3. Starting from the location of the photon emission, the
=R — cumulative optical depth of the photong, is calcu-

dR dR lated stochastically using Equationl 20 for both hot and
=7CR™. (15) cold dusts. If the photon is stopped for interaction
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within a single cell, thenrq; is the sum of contribu-

tions from possibly multiple segments of both hot and 10— T T T

cold dusts within this cell. If the photon passes through "5 i

multiple cells before an interaction occurs, then is 10°%¢:

the sum of all contributions from relevant segments in c :
3)

—— WDO1_Rv3.1
WDO1_Rv4.0
WDO1_Rv5.5

—— SNell_fs0.1

— SNell_fs0.2

/9

these cells.

L 10%F
4. At each boundary between the hot and cold phase gass. i
clouds, or at the boundary of the grid cell, the next = 10'f
interaction point is determined by the comparison be- E
tween7n and 7. If 77 < 71ot, then the photon is ei- 10° L
ther scattered or absorbed, with a probability given by O E
the scattering albedo. The exact interaction location o 1
is then determined inside either hot or cold phase gas, g 10 E
such thatr,: becomes exactly;. If the photon is scat- 1072 b
tered, its direction and polarization state are altered ' e
using the Henyey-Greenstein phase function, and the 107% 10 10° 10" 10? 10°%
ray-tracing of the new photon is repeated from step 2. A ( m)

If the photon is absorbed, depending on whether the K

absorption site occurs in the hot or cold phase dust,

the temperature 0],( the appropnate d!JSt cell is raised, Fic. 4.— Comparison of the dust absorption opacity curves from a
and a new photon is reemitted according to the schemesupernova-origin dust model (SN model, with silicate ficets = 10%, 20%

of Bjorkman & Wood {(2001). The ray-tracing of the in red and black, respectively) and thosel of Weingartner & (2001)

i i (WDO01 model, withRy = 3.1, 4.0, 5.5, in blue, cyan, and green, respec-
nery emitted photon again restarts from step 2. tively). Note there are two differences between these twdetso the silicate

5. If the photon escapes from the system without reachingfature at- 9.7um, and a higher opacity in the optical band.
the optical depthr, it is then collected in the output
spectrum and image. The next photon will be picked up
from the source, and the whole Monte Carlo procedure
from step 1 will be restarted.

pac

We assume the cold clouds to be in the mass range of

After all N, photons have been traced, one obtains the dustMo = 10°Mg, andM; = 10'Mg, which is similar to that of
temperature distribution for both hot and cold dusts inaadi  protoclusters clouds in star forming galaxies, as shown in
tive equilibrium, as well as the output spectra and images.Lietal (2004,.2005a,b. 2006). For the cold clouds, we
Note that such a stochastic procedure outlined here may nof!@ve enhanced the pressure by a factor of 10 over the ther-
be as accurate as physically tracking the locations ang sizeMal pressure to account for the effects of turbulence (e.g.,
of the cold phase gas clouds, which can be rather difficult, if Blitz & Rosolowsky 2006; Chakraba}‘rtl e} al. 2007a). This en-
not impossible. However, this method works efficiently for a Nancement factor is referred to as “CP” hereafter. The dust-
large number of cold clouds uniformly distributed in thelgel ~ t0-gas ratio of the cold clouds is chosen to be the same as
and it gives correct average extinction properties for atimul  the Milky Way value (1:124; Weingartner & Draine 2001), as
phase ISM model we are interested here. found in a large sam_ple of ULIRGS (Dunne & Ea\e_zs 2001;

Hereafter, we refer to “HPG-dust” as the dust that origigate Klaas etal. 2001), while that of the hot, diffuse gas is chose
from the hot-phase gas, and “CPG-dust’ as that originating'© P& 1% of the Milky Way value, consistent with the dust
from the cold-phase gas. Note that the gas only determinesurvival rate of sputtering in a hot, diffuse ISM (Burke &ISil
the distribution and mass of the dust through a given dust-to 1974, Reynolds et &l. 1997). Observations of some obscurred
gas ratio. The dust temperature is not associated with the ga©" réd AGNs also suggest a ratio significantly lower than that
temperature, and is calculated self-consistently acagrth  Of Milky Way (e.g., Maiolino et al. 2001; Kuraszkiewicz et al
radiative equilibrium. We further refer to “cold dust”, “wa 2003; Hall et al. 2006). We will perform a systematic param-
dust” and “hot dust” as dust with temperatufes< 100 K, eter study of these choices ifil§ 4. However, we note that these
100< T < 1000 K, and 100& T < 1200 K, respectively. values are found to best reproduce the observed quasar SED

In the RT calculations, we adopt a mass spectrum with atz~ 6.5. Because the dust opacity i_s p_roportional to the
1.8, as suggested by the observations of Blitz & Rosolosky 92S metallicity, therefore the dust opacity is weightedtigy t

(2006), and an observed mass-radius relation yith 2.0, metallicity of the gas for both hot and cold gas phases.
which is also a result of the virial theorem. The resulting -

mass-radius relation in our simulations has a normaliratio 2.2.4. Supemova-origin Dust Model

the range~ 10-10*M,/pc2. For a cloud size of 1pc, the Our understanding of the formation and distribution of dust

normalization is~ 300 M., /pc?, similar to observations of the  has benefited from dust maps of the Milky Way (€.g., Gehrz
Milky Way (Scoville et al.l 1987; Rosolowsky 2007). It has [1989; Schlegel et al. 1998). In particular, Gehrz (1989)-con
been shown that the normalization of the mass-radiusoalati  cludes from a detailed Galactic survey of dust-produciagsst
ship depends on galactic environment (e.g., ElImegreen;1989that dust in the Milky Way originates in three principle ways
Rosolowsky 2005; Blitz et al. 2007). For example, it is about (1) by condensation in winds of evolved, post-main-seqaenc
~ 50Mg /pc in the Large Magellanic Cloud but could be two  objects, which accounts ef 90% of the stellar dust; (2) by
orders of magnitude higher in ULIRGs. In extreme starburst condensation in ejecta from massive novae, supernovae and
galaxies, the normalization could go up t&*M), /pc?, as we Wolf-Rayet stars, which amounts t0 10%; and (3) by slow

find in our simulations. accretion in molecular clouds (see also Marchenko 2006 for a
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FiG. 5.— Distribution of the optical depths of both HPG- and CEt,
respectively, ah = 0.1 um where the dust opacity peaks as shown in Figlire 4.
The density grid corresponds to the simulation snapshota@.5 shown in
Figure[3 (bottom panel). The “HPG-dust” and “CPG-dust” refethe dust
associated with hot-phase and cold-phase gas, respgctigetiescribed in

8[2.2.3.

review).

Lietal.

2003), and SNe 2003gd (Sugerman et al. 2006). Theoreti-
cally, several groups have calculated dust formation in the
ejecta of Type-ll SNe (Todini & Ferrara 2001; Nozawa et al.
2003, Schneider et al. 2004; Hirashita €t al. 2005; Dweklet al
2007). In particular, Todini & Ferrara (2001) have develbpe
a dust model based on standard nucleation theory and tested
it on the well-studied case of SN1987A. They find that SNe
with masses in the range of $35M, produce about 1% of
the mass in dust per supernova for primordial metallicity a
~ 3% for solar metallicity.

In the present work, we adopt the dust size distribution of
Todini & Ferraral(2001) for solar metallicity andva=22 M,
SN model, as in Figure 5 in their paper. This size distributio
is then combined with the dust absorption and scatteringscro
sections of Weingartner & Draine (2001), to calculate dust
absorption opacity curves (Finkbeiner 1999; Finkbeinei et
1999). We note that Bianchi & Schneider (2007) re-analysize
the model of Todini & Ferrare (2001) and follow the evolu-
tion of newly condensed grains from the time of formation to
their survival. This new feature shows better agreemerit wit
observations and further supports our motivation to use a SN
dust model. Figurgl4 shows dust absorption opacity curves,
in the range 1¢ - 10*um, from both the supernova-origin
dust model (hereafter SN model) and Weingartner & Draine
(2001) (hereafter WD model), respectively. The SN models
include silicate fractionds = 10% (in red) andfs = 20% (in
black), which show slight differences in the silicate featat
~ 9.7 um (fs = 20% model has a slightly higher opacity). The
WD models include all the curves commonly used with ex-
tinctionRy = 4% =31, 4.0, 5.5, which differ in the opac-

AB)-A

Over the past several decades, various dust models havgy in the UV-NIR (0.01m-1xm) bandsRy = 3.1 model has
been developed based on the observed extinction curveshe highest opacity).

of the Large Magellanic Cloud (LMC), the Small Magel-
lanic Cloud (SMC) and the Milky Way (e.g., see reviews
bylSavage & Mathis 1979; Mathis 1990; Calzetti et al. 1994;
Dorschner & Henning 1995 Calzetti et &l. 2000; Whittet
2003; | Drainel 2003).

Between the SN and WD models, there are two noticeable
differences; one is the silicate feature~at9.7um, and the
second is the UV-NIR band. On one hand, the WD model has
strong peaks around 9.7 um (silicate feature), while the SN

In these classical models, dust ismodel produces an opacity lower by nearly one order of mag-

assumed to form in the envelopes of old, low-mass starspitude, because the ejecta of SNe with mass above ] pid-

such as asymptotic giant branch (AGB) stars with agebk
Gyrs (Mathis 1990; Morgan & Edmunds 2003; Dwek 2005;
Marchenko 2006).

However, this picture may be different for young, high-

dominantly form amorphous carbon grains, which decreases
the silicate fraction in the dust grains. On the other hamel, t
SN model increases the opacity in the optical band by a fac-
tor of a few owing to the smaller grain size. We note that the

redshift objects. Recent deep millimeter and submillime- small grain sizes may cause quantum fluctuations in the tem-
ter observations of several~ 6 quasars, which trace the perature and high-temperature transients (€.g., Drainé & L
far-infrared thermal dust emission from these systemsysho [2001). However, the dust produced by the SN model is dom-

large masses of dust in these quasar hosts when the Unimated by graphite grains, which have a size distributiomfr

verse was less than 1 Gyr old (e.g., Bertoldi et al. 2003a;
Charmandaris et al. 2004; Robson etlal. 2004; Carilli et al.
2004;[Maiolino et al. 2004; Beelen et al. 2006; Hines ét al.
2006; | Jiang et al. 2006; Willott etial. 2007). In particular,
Maiolino et al. (2004) find that the extinction curve of the
reddened quasar SDSS J1048+48at6.2 is different from
those observed &< 4 (similar to that of the Small Magel-
lanic Cloud; Hopkins et al. 2004), but matches the extimctio
curve expected for dust produced by supernovae.

~ 100-2000 A, comparable to the size range of the dust
grains in the WD model, so the temperature fluctuation is ex-
pected to be insignificant. Note we do not include polycyclic
aromatic hydrocarbon (PAH) features-a¥.7 um, which was
modeled in detail by Li & Draine| (2002) and Draine & Li
(2007). The PAH feature is a good diagnostic of starbursts
at low redshifts/(Houck et al. 2005), however it is very diffi-
cult to detect ire > 6 systems. Also dust spin is not included
in our modeling, which could be significant around 10 mm

It has been suggested that core-collapse supernovae (Type(Draine & Lazariai 1998; Finkbeiner et al. 2002).

Il SNe) may provide a fast and efficient mechanism for
dust production. The observational evidence for dust for-
mation in SNe comes from observations of SN1987A (e.g.,
Gehrz & Ney| 1987| Moseley etll. 1989; Roche et al. 1993;
Spyromilio et al.| 1993; Colgan etlal. 1994), Cassiopeia A

(Dunne et all 2003; Dwek 2004; see however Krauselet al.

2004 who argue that the dust emission is not associate
with the remnant), Kepler's supernova remnant (Morganlet al

The differences between these two models, in particular
the silicate feature, may be diminished by choosing differ-
ent grain compositions and size distributions (Laor & Deain
1993). For example, the WD model would converge to the
SN model if the silicate fraction is reduced t05%. We

ote that Elvis et all (2002) propose an alternative meahani
or dust production in quasars. They suggest that the physi-



Modeling Dust inz~ 6 Quasars 11

cal conditions (i.e., low temperature and high densityhieat gle 4r). This averaged SED agrees very well with observa-
quasar outflow are similar to those in the envelopes of AGB tions of J1148+5251 (Jiang et al. 2006). A prominent fea-
stars, and hence may produce dust similar to that made byture of this SED is the two infrared bumps peaking around
AGB stars. This scenario does not have the same timescal&um and 5Q:m. The 5Qum bump is produced by cold dust
issue as does the AGB model, but only requires heavy metal{T ~ 50 K) heated by strong star formation, as commonly
such as carbon and silicate, which should be available everseen in the SEDs of starburst galaxies (Sanders & Mirabel
in high-redshift quasars, as noted in the introduction.réhe 11996;| Siebenmorgen & Krugel 2007). Theu® bump is
fore, quasar winds may also serve as efficient factories forproduced by the hot dusT (~ 1000 K) heated by the cen-
producing dust with extinction curves similar to those af th tral AGN. This unique feature appears to be ubiquitous in
WD model. Currently there are no observations available to most of the quasar SEDs over a wide range of redshifts (e.g.,
distinguish between these models at high redshifts. We will Elvis et al. 1994; Vanden Berk etial. 2001; Telfer ef al. 2002;
return to this in §414. Vignali et all. 2008; Richards et al. 2006; Jiang et al. 2006).
Figure[® shows an example of the resulting optical depths To demonstrate the line-of-sight dependence, Figlre 6 also
of both HPG- and CPG-dust at wavelengtk 0.1 um where shows the range of SEDs viewed from two orthogonal an-
the dust opacity reaches its maximum, as shown in Figure 4.gles of the Cartesian grid: along the z-axis (upper range)
This plot demonstrates that the optical depth is resolvegl ve and the xy-plane (lower range), respectively. This range in
well in the hot, diffuse gas which occupies 99% of the dicates difference in column density along the sight liaes]
volume, while the optical depth of the cold, dense cores is shows that dust extinction in the UV/optical bands diffeys b
usually much larger than unity, in particular in optical dan  a factor of~ 3, but no difference at wavelengths longward
with high frequencies. The energy absorbed by the cold dustof 1um. This suggests that the dust is close to optically thin
in these wavelengths is then re-emitted at infrared or longe along these two viewing angles during this time, and that in-

wavelengths. frared or submillimeter observations of luminous quasaag m
not be diagnostics for the orientation of the host. We have
3. THE SPECTRAL ENERGY DISTRIBUTION OF A QUASAR also checked the three major components of the output SED,

SYSTEMATZ~6.5 namely the scatter, escape and reemission, and found ¢hat th
We now calculate the spectral energy distribution from photon energy is conserved. This confirms the photon con-
UV/optical to submillimeter of the modeled quasalrin Li et al servation algorithm used in the radiative transfer cakota
(2007) by applying AR¥ to our SPH simulations, which pro- Moreover, we find that the emergent SED in the UV/optical
vide the gas density field and heating sources for the RT €alcu bands (001-1pm) is dominated by scattering.
lations. The input spectrum includes that from stars anckbla Itis interesting to comment on the spectral feature at wave-
holes, as shown in Figufd 6 (top panel). The stellar spec-length Aest = 9.7um where the silicate cross section peaks
trum is calculated using the stellar population synthestiec ~ (Draine 2008). This feature can produce either emission or
STARBURST99|(Leitherer et 8. 1999; Vazquez & Leitherer absorption in the spectrum depending on the optical depth
2005%). The age, mass and metallicity of the stars are takerof the medium at this wavelength (Bjorkman & Wood 2001).
from the SPH simulations of quasar formationlin_Li gt al. In order to have absorption at this wavelength, the medium
(2007), while the stellar initial mass function (IMF) is as- has to be optically thick (i.e.797,m >> 1). Generically,
sumed to be a top-heavy Kroupa IME_(Krolipa 2002), which this would also result in deep absorption in the optical/NIR
characterizes a starburst better than the classical 8alfE bands £ 0.01-1m) owing to their much higher dust opac-
(Salpeter 1955). ity, which is almost two orders of magnitude higher than that
The input black hole spectrum is a composite template fromat 9.7,m according to the dust opacity curve in Figlle 4. Our
Hopkins et al.[(2007d), which consists of a broken power-law spectra exhibit absorption when the system is in the starbur
(e.g.,[Laor & Draing 1993; Marconi etlal. 2004) and an IR phase (e.gz2 10) when the objectis highly obscured. As the
component thought to come from the hottest dust around thesystem proceeds to the quasar phase (2.9.8), the emis-
AGN, which cannot be fully resolved in our hydrodynamic sion feature becomes increasingly prominent as dust bexome
simulations. The normalization of this spectrum is the to- more and more transparent to the radiation.
tal bolometric luminosity of the black holes. Compared to  In observations, both absorption and emission features at
the luminosity calculation in_Li et al[ (2007), the black &ol  Arest = 9.7um have been detected for a wide range of ob-
spectrum here is normalized to the bolometric luminosity jects up toz ~ 3 (Armus et al! 2004; Papovich et al. 2006).
of J1148+5251. Heating by cosmic microwave background An absorption feature is frequently seen in dusty star-fogm
radiation at different redshiftg is also taken into account galaxies such as M82 (e.g.. Sturm €t al. 2000), Arp 220 (e.g.,
by including a uniform radiation field with temperature of ISpoon et al. 2004), and ULIRG IRAS08572+3915 which ex-
Temb=2.73x (1+2) K. hibits the most extreme absorptian (Spoon et al. 2006). A
The emergent spectrum has a wavelength range 10 comprehensive collection of the SEDs of starburst nucldi an
2x 107 in the rest frame, and 50 viewing angles (10 in polar ULIRGs is reviewed by Siebenmorgen & Kriigel (2007), who
angle evenly divided in c@dsand 5 in azimuthap). We use  also provide a library of 7000 SEDs for dusty galaxies.
10" photon packets isotropically emitted from sources, and On the other hand, an emission feature is also reported
the maximum refinement level of the adaptive grid is RL=12, in many observations (Hao etal. 2005; Siebenmorgen et al.
which is above the requirement for convergence (de€l§ 4.1 for2005; Sturm et al. 2005). In particular, Hao et al. (2007) an-
resolution studies). alyze a sample of 196 local AGNs and ULIRGs observed
The calculated rest-frame SEDs of the system during theby the Infrared Spectrograph (IRS;_Houck etlal. 2004) on
peak quasar phase at 6.5 are shown in Figurgl6 (bottom board the Spitzer Space Telescope (Wernerlet al.|2004) to
panel). The output SED depends on the viewing angle. Thestudy the distribution of strengths of the7@m silicate fea-
red curve is the isotropically averaged SED (e.g., it can beture. These authors find a wide range of silicate strengths:
understood as an average SED multiplied by the solid an-quasars are characterized by silicate emission and Séyert
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Fic. 6.— SEDs of a quasar systemat- 6.5 determined by applying ARTto the SPH simulations 6f Li et al. (2007). The input spectra
(top panel) include the stellar spectrum (in blue) cal@datith STARBURST99 (Leitherer etlal. 1999; Vazauez & Lei#i&2005), and the
composite spectrum of the AGN (in black, Hopkins et al. 2007™ote this snapshot corresponds to the peak quasar phake system,
the stellar radiation is insignificant compared to that frire AGN at this evolution stage. The red curve is the totaliirgpectrum. The
output spectra are shown in the bottom panel. The red curtleeisotal SED assuming an isotropic distribution of photoergies in all
directions, while the grey region indicates the range fraim drthogonal angles corresponding to the z-axis and xyeptd the Cartesian grid,
respectlvely The filled black circles with error bars arsatvations from_ Jiang etlal. (2006).
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equally by emission or weak absorption. Seyfert 2s are dom-
inated by weak silicate absorption, and ULIRGs are charac- 1O“F T T T
terized by strong silicate absorption (mean apparent aptic r
depth of about 1.5)._Spoon et al. (2007) find that the same __ s
sample of galaxies is systematically distributed alongdige 9 107
tinct branches: one with AGN-dominated spectra and one — :
with deeply obscured nuclei and starburst-dominated spec-

tra. These authors suggest that the separation may reflect a'§ 10*

— N=led

fundamental difference between the dust geometries in the _, e

sources: clumpy for AGNs versus non-clumpy obscuration @ - Nea™Le?

for starbursts. For example, Levenson etlal. (2007) suggest oz 10" F — Nh=les

that the extremely deep absorption in IRAS08572+3915 re- o SDSS J1148+5251 (Jiang-06)

quires a source to be embedded in a smooth distribution of 0

material that is both geometrically and optically thick. rOu 10 cvennl 4l cul aul 4
simulations show that the dust distribution around the guas 102 10" 10° 10} 10° 10°
is quite clumpy, and that the SEDs changes from starburst to A ( rn)
AGN-dominated as the system evolves from the starburst to rest \M

guasar phases (see Figlré 16). These are consistent with the
observations.

10ME
4. PARAMETER STUDIES F

In this Section, we explore the large parameter space jn-
volved in this radiative transfer calculation, and systeéma_$
cally study the resolution convergence, parameters inthe t~
ISM model, input spectra for the BHs, the dust models, arxd

1013;_

the dust-to-gas ratios for both the cold- and hot-phase gas’s 10* i —— Uniform, GN=30°
- F T RIt5, Gii-1653/ 1880
4.1. Resolution Studies a ol By gg;ggggﬁigg
Figure[T shows resolution studies for photon number (t8p 10 3 —— Rlold GRol9it sold
panel) and grid size (bottom panel). The SEDs converge when C e SDSS J1148+5251 (Jiang+06)

the photon number is larger than®1df the photon number 10 \“

is low, then Poisson noise is significant, which results igéa X ' l' e . ) . == .

fluctuations in the SEDs. Therefore, throughout the paper, w 10 10 10 10 10 10

use a photon number of 1@r SED production, and £dfor Aregt (um)

images in order to have higher signal-to-noise.

For the adaptive grids, as the refinement level increases, ' _

the hot dust in the central region around the AGN is bet- hF'G-_d7-7 ReSO|U|“0n|stld'es of thelnumbef of plhot?rns (top Faﬁfﬂ

ter resolved, contributing to the hot dust bump in Iopm. ~ f1e FiCreinement leve (hoc::g:l nﬁ:&; rfsl%fi“ﬁey'ﬂ?;'ﬁﬁagélji N

The SEDs converge when the refinement level goes above 10,. " P P “> ® )

hich has a minimum cell size close to the spatial resolution similar shapes, and they converge witgh - 10°. A smaller photon number

whnic un O the spat results in larger fluctuations in the SED owing to greateisSmi error. The

(~30 pc) of the original hydrodynamic simulations. Com- bottom panel compares the SEDs produced with a uniform grititaose

pared to the adaptive grid method, SEDs using uniform gridswith adaptive grids of different refinement level. Compatedig adaptive

with reasonable computing expense have poor resolution. A%gdng‘te;ggg';'fff'i?:ise;‘]f'g?n‘;’:]fﬁ:r’;"agé'gstg’vr'éhsglf\'l‘é fg‘gg?]bge%'g&&?d d?gt

demonStrate,d in Figufe 3, a0niform g”d_ has a (esolutlon . which result in an underestimate of the dust emission longwa10um. As

of 4 kpc, which can only resolve the dust in the diffuse gas in the grid refinement level increases, hot dust is better vedplcontributing

the outskirts of the system, but not the clumpy, dense ragion to the hot dust bump at-110um. The SEDs converge when the refinement

around the central AGN. Consequently, the resulting SEDs do'eVe! goes above 10, which has a minimum cell size approgdhiat of the
irel ve d i in-10 hich spatial resolution of the original hydrodynamic simulaso Level 12 is the

nOttlenft're ygef‘% Vet ust etg]ﬁi'g& In- d {Lhm Wi |g:d COtT)eS standard refinement level used in this paper.

partly from hot dust near the , and the cold dust bumps

are lower by up to one order of magnitude.

4.2. ISM Model Parameters

Figure[8 shows the SEDs with various parameters for theume filling factor for the cold dust, resulting in strongetco

two-phase breakdown of the ISM. When there is no phasedust emission.

break-down (purple curve), only hot-phase gas is consilere In the cases where both hot and cold phases coexist, the
(no cold gas). In this case, the hot gas has both large volumeamount of cold dust emission depends on the cold gas pres-
filling factor and mass fraction, so the extinction is extedyn  sure, as indicated by the other colored curves. We find that
high, which leads to significant emission in the NIR butdittl cold pressure in the range of 10 — 100 is able to produce
emission in the 26 1000:m range (the cold dust is sparse). cold dust bumps that fit the submillimeter observations of
In cases with cold gas only (no hot-phase gas), the SEDs show1148+5251. However, because the SED with CP=10 has
big cold dust bumps but no hot dust emission, as indicated byboth the hot and cold dust bumps that agree better with the
the blue and cyan curves. A comparison of these two curvesnmean SEDs of luminous quasars in the Sloan samples of
shows that a larger cold phase pressure leads to a higher volRichards et al.[ (2006), we choose CP=10 as a standard value
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F1G. 8.— Parameter study of the two-phase break down of the 1Sl lvat
and cold phases. In the legend, HP=1 indicates existencetgihase gas,
while CP=10 indicates that the cold pressure is enhancedauya of 10 (see
§[2.2.3 for more details). The purple curve represents toheptase break-
down” case in which the cold gas is not considered; there lig loot-phase
gas whose density is the same as that given directly by thesBRiHations.
The blue and cyan curves represent cases in which no hoéglaass present
(only cold-phase gas is considered), but the pressure eaimemt factor for
cold-phase gas varies from 10 to 100, respectively. Theofetste colored
curves represent cases in which both hot and cold phasesstoweith cold
gas pressure varying from 1 to 100. In the RT calculationsusesstandard
values CP=10 and HP=1.
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FIG. 9.— Parameter study of the power-law indices of the masstiape
o and mass-radius relatiofi of the cold clouds (see[§2.2.3 for more de-
tails). The output SED is not sensitive to the rangesc@id 5 considered
here. In the RT simulations, we adopt= 1.8 and3 = 2.0 as suggested by
observations.

in our calculations.

Figure[® shows a study of the output SEDs obtained by
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F1G. 10.— A parameter study of the input spectrum for the bladk.hthe
solid curves represent the output SEDs, while the dottest lnepresent the
input black hole spectra. The blue and red curves indicatesk of an intrin-
sic, broken power-law as in Marconi ef al. (2004), and a casitp@pectrum
from[Hopkins et al.[(2007d), respectively. Both input spettave the same
bolometric luminosity. A power-law input spectrum wouldjuére pc-scale
resolution to resolve the dust near the AGN in order to predhe near-IR
emission, which is below the resolution of our hydrodynasiiulations. A
composite spectrum therefore serves as a sub-resolutigger® resolve the
dust emission within parsecs of the AGN.

smaller cold clouds that boost the cold dust bump. A simi-
lar effect is seen by increasity However, the SEDs are not
very sensitive to the change of eitheor 3 in the ranges of
1.5-2.5and 1.5 - 3.0, respectively. Changinfrom 1.5

to 2.5, org from 1.5 to 3.0 only results in a change in the
SED by a factor of about 2. In the RT calculations, we adopt
the standard values ef = 1.8 andj = 2.0, as suggested by
observations (Blitz & Rosolowsky 2006; Rosolowsky 2007).

4.3. Input Spectrum

Figure[I0 shows a comparison of the emergent SEDs using
different input black hole spectrum, namely a broken power-
law as in_Marconi et al! (2004) (blue curve), and a composite
spectrum from_Hopkins et al. (2007d) (red curve). All other
parameters being equal, the SED using the power-law spec-
trum shows more emission in the optical bands and lower
emission in the IR than the SED with the composite input
spectrum. These differences owe their origin to differenoe
the input spectrum. The composite spectrum includes emis-
sion from hot dust residing in the vicinity of the AGN that is
below the resolution limit of our hydrodynamic simulations
This figure emphasizes the care that must be taken when in-
cluding an AGN and performing radiative transfer on scales
that are not well-resolved, and demonstrates that a coteposi
black hole spectrum as in_Hopkins et al. (2007d) provides a
viable sub-resolution prescription for the dust emission-c
tributed within parsecs of the AGN.

4.4, Dust Models

varying the power-law indices of both the mass spectrum Figure[I1 shows the emergent SEDs using dust extinc-
and the mass-radius relation of the cold clouds. Increasingtion curves from the WD model (Weingartner & Draine 2001)
« would steepen the cloud mass function, leading to morewith Ry = 3.1 and our SN model, respectively. The SEDs
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FIG. 11.— Comparison of the SEDs from using the dust extinctimves AL B LLLL BELLLLLLLY B
of Weingartner & Draine[ (2001) witfR, = 3.1 (WD model) and that from 14
Type-ll supernovae (SN model). The arrow-at9.43 um indicates a @ 10 3 Hot Phase Gas E
upper limit. J1148+5251 was observed with MIPS atuff but with no F Z ]
detection. The arrow indicates @ 2ipper limit. The current observations ’B L
cannot distinguish between these two dust models. —] 1 013 | i
S i
] L
i S 1012 P — dtgr=10 E
agree well at wavelengths> 10um, but differ by a factor of - : dtgr_1 E
a couple in the optical /NIR bandsi3-10um. It appearsthat 0 E dlgr=01
WD model would require a higher dust-to-gas ratio than that & 1 — digr-0.01 \
of the Milky Way by a factor of a few in order to produce the 10 3 . W
observed SED of J1148+5251. In such case, the WD model i ® SDSSJI148+5251 (liang+06) 4]
would produce a stronger peak at th& @m silicate feature 10 ol
by a similar factor relative to the SN model. Observation of 2 B o . . .
J1148+5251 at- 9.7 um would be helpful in distinguishing 10 10 10 10 10 10
between these two models. However, the current data-point A ( m)
rest lu'

at that wavelength (observed by MIPS at) is only a 2
upper limit, insufficient to constrain the model.

As discussed in § 2.2.4, Elvis etal. (2002) suggest that Fig. 12.— A parameter study of the dust-to-gas ratio relativéMitiy
quasars may also be copious producers of dust, as condensavay value, for the Cold Phase Gas (CPG, top panel) and HotePBas
tion in quasar outflows is similar to dust formation in the en- f:gg;ebggggﬁitiegQg')th;eZﬁgftt'(‘)/e'SQSTrg't?Of'ngtfﬁeSE%Vg tﬁ:‘:ﬁ"ﬂégg% vaED
velopes of AGB stars. In this case, the dust extinction qurveto the large covering factor of tf?e HPG. In the regular RT walions, thg
would be similar to the WD model. However, the contribu- gefault values are 1 and 1% Milky Way value for CPG and HPGaeetively.
tion of dust from quasar winds in the early Universe remains
unknown. The recent report by Stratta et al. (2007) of dust
extinction in the host galaxy of GRB 050904 &t 6.3 in-
dependently supports a supernova-origin dust model. i bot

supernovae from starbursts and quasar outflows play impor+hjs range may apply mainly to the hot, fully or partially ion
tant roles in dust production in these young quasar systems ajzeq gas in the circumnuclear regions of the AGNSs, it would
Z~ 6, then the l‘eSU|tIng dUSt extinction curve W0u|d be Inter- be interesting to see how such a range affects the Output SED
mediate to the WD and SN models shown in Fidure 11. More iy our calculations.
observations and deeper surveys for dust in high-z galaxies Figurd12 shows the comparsion of the emergent SEDs with
and quasars will be necessary to constrain dust format'ondifferentdust-to-gas ratios in a wide range, for both cedgh
mechanisms at early cosmic times. panel) and hot-phase gases (bottom panel), respectiviad. T
. values in the plot are relative to the MW value. A change
4.5. Dust-to-gas Ratios of two orders of magnitude in the dust-to-gas ratio of thelcol

It has been suggested that ULIRGs have dust-to-gas ratigphase gas results in a difference in the cold dust bump only by
(mostly cold gas as in our modeling) close to that of the Milky a factor of a few. However, a similar change in the dust-ts-ga
Way (e.g., Dunne & Eales 2001; Klaas etlal. 2001). While ratio in the hot phase gas would result in substantial differ
some observations of obscurred, X-ray selected AGNs seerrence in the output SED. This study shows the extinction is
to suggest that the dust-to-gas ratio in these objects hadea w dominated by the hot dust, which has a much larger covering
range, from~ 1072 to a few of MW value (e.gl, Maiolino et al.  factor that the cold dust. We find that using 1 and 1% of MW
2001; Kuraszkiewicz et al. 2003; Hall et al. 2006). Although value for the cold and hot phase gas, respectively, repeduc
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the observation of SDSS J1148 reasonably well. Therefore,
we elect to use them as default values for our standard RT .
calculations. Note this choice of 1% of MW value for the hot, 80 [
diffuse gas has little effect for the starburst or ULIRG mhas
because a substantial fraction of gas during that stagetigin i
cold clouds. However, it may affect the SEDs of major quasar 60

phase, as the gas is heated by the AGN. We should point out i
that in our ISM model, we do not have the warm phase as in i
the picture of McKee & Ostriker (1977). Such a warm phase~ 40¢
medium may have a dust-to-gas ratio similar to that of M\NS_, i
We will explore such a treatment in future work. =20

>

T T T
density

Log £ (Mo pc®)

5. THE DUST DISTRIBUTION

The distribution of dust is essential to investigating dast Or
mation mechanisms and heating sources. Fifure 13 shows
the projected spatial distribution of the dust density aamd-t
perature in the system at= 6.5. The projected quantity is
calculated with[ f(I)dl /L, wheref(l) is density or temper- L
ature distribution along the line of sight, whileis the total —-40
length of the sight line. Gravitational torques in the iater —40 -=20 0 20 40 60
tion produce strong shocks and tidal features, making tie du X (kpc)
distribution highly inhomogeneous and clumpy. The dynamic p
range in density can be up to six orders of magnitude. Both .
the dust density and temperature peak in the central regions 80 L

near the AGN. L temperature | 7z=6.5
The detailed radial distributions of the dust mass and tem- i | [
perature are quantified in Figurel14. The blue and red curves 60 [- [

in this figure represent CPG- and HPG-dust, dust associ-

ated with cold- and hot-phase gas, respectively, as defined 40k 25

in §[2.2.3. The CPG-dust has high density but a small vefs: N
ume filling factor; it is generally optically thick to radiah. g, <
On the other hand, the HPG-dust has a lower density but fif§ 20 »

2 99% of the volume, and is generally optically thin. Both,
the dust mass and temperature vary with distance from the
central AGN. The cold dust is typically surrounded by hot
dust. In the inner hundred parsecs, the cold cores are highly i
condensed and are optically thick even to the hard radiation _2q -
from the black hole. However, the HPG-dust at the edges [

2.0

oF

surrounding these cold cores is heated directly by the aentr - .

AGN. This is indicated by the power-law temperature profile —40 b o . A
in the lower panel of Figure 14, « R™Y/? as expected from -40 -20 0 20 40 60
Equation[[#):T*(R) « E(R) o« R™. The hottest dust is heated X (kpe)

up to~ 1200 K, which is below the dust sublimation temper-

ature~ 1600 K [Honig et al. 2006). Cooler dusk ¢ tens to

hundreds K) Is. distributed in an eXJ.[ended region frorl00 FiGc. 13.— Maps of the projected density (top panel) and temperat
pc to several kiloparsecs. The heating sources come bath fro mottom panel) of the HPG-dust (dust associated with hosefgas). The
stars and the central AGN. Beyond 10 kpc, the dust tempera-origin of the map is the location of the central quasar, amddbordinates
ture drops to below 100 K. Note that the minimum tempera- are comoving. Note that the gas only determines the disimitvand mass of

: - : A the dust; the dust temperature is not associated with theeggserature but
ture in Figuré I# is- 20 K, which is the CMB temperature at is calculated self-consistently from the radiation fieldg(§[2.2.B for more

z=6.5. details).
Figure[I% shows histograms of the dust mass and temper-

ature. The dust temperature ranges frem0-10° K. The

amount of the hottest dust(10° K) is ~ 1.4 x 10° M, while

that of the cold dustT < 107 K) is ~ 1.4 x 10°M,. This

is in agreement with the estimates of the dust detected in the

host of J1148+5251 (Bertoldi etlal. 200Ba; Beelen bt al.[2006 tions by Walter et al. (2004). This suggests that cold dudt an

Jiang et al. 2006). molecular gas are closely associated, and both depend on the
The large amount of cold dust~(1.4 x 10°M.) lo- star formation history. Our results show that significantahe

cated within 3 kpc from the AGN provides efficient cool- €nrichment takes place early in the quasar host, as a résult o
ing for the formation of molecular gas. In Narayanan ét al. Strong star formation in the progenitors, and that intetese s

), we calculate carbon monoxide emission using abursts (SFRz 10°Mg,yr™) within < 10° yr are necessary to
non-local thermodynamic equilibrium radiative transfede ~ Produce the observed properties of dust and molecular gas in
64,b), and find that CO gas forms in thisthe host of J1148+5251, a conclusion which is also supported

region, with a total mass of 101°M, similar to observa- by the analytical models of Dwek et/al. (2007).
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FiG. 14.— Radial distribution of dust mass (top panel) and teaipee
(bottom panel) as a function of the distance from the ce®&iN. The blue
and red curves represent the CPG- and HPG-dust, respgctiveile the
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as expected from heating by the central AGN.

Moy (Mgl

M (Mgl
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total mass of cold-, warm- and hot-dust with< 100 K, 100< T < 1000 K,
and 1000< T < 1200 K, respectively.
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FiGc. 16.— Evolution of the SEDs of the quasar system and its galax
progenitors in the observed frame. The colored curves septeSEDs from
z~ 14toz~ 5.2, while the black dots are again observations from Jiandi et a
(2006), as described in the legend. Absorption of the Lynanderies and
continuum by the intergalactic mediun_(Madau 1995) is takém account,
which results in a sharp drop at short wavelengths.

6. EVOLUTION OF THE QUASAR SYSTEM
6.1. Transition from cold to warm ULIRG

InlLi et all (2007), we show that the host of the 6 quasar
undergoes hierarchical mergers starting from 14, and the
quasar descends from starburst galaxies. The evolutidreof t
SEDs of the system in the observed frame is shown in Fig-
ure[I6. Note that absorption of the Lyman lines and con-
tinuum by the intergalactic medium_(Madau 1995) is taken
into account. During early stagesat 14, the SED of the
quasar progenitor shows only a cold dust bump that peaks
around~ 60um, which is characteristic of starburst galax-
ies (Sanders & Mirabel 1996). As the system evolves from
starburst to quasar phases, dust extinction in the UV-albtic
bands increases, boosting the emission reprocessed bgtdust
wavelengths longward of/m. The gradually increasing ra-
diation from the accreting black holes heats the nearby dust
to high temperatures, contributing to the hot dust bump Wwhic
peaks around- 3um (rest frame). At the maximum quasar
phase at ~ 6.5 indicated by the red curve, the hot dust bump
SED reaches its peak with a temperature-cdf200 K, as we
have seen in the previous section. Such an SED represents
luminous, blue quasars in the samples of Jianglet al. (2006)
and Richards et al. (2006). As the system ages and reddensiin
the post-quasar phase (indicated by the black curve), the to
luminosity of the system drops. However, there is still some
residual hot dust, and the infrared luminosity is dominated
by the NIR and MIR. This resembles the class of infrared-
bright, optically-red quasars found in recent surveys.(e.g
Brand et all 2006). Overall, the evolution of the SED from
a starburst to a quasar can be characterized by the slope of th
infrared SED (3-50u:m), as it decreases from the starburst to
quasar phases owing to the increase of NIR emission from the
hot dust heated by the AGN.
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10"3L ). Figure[1Y (top) shows the evolution of the infrared
1 luminosities of the quasar system in our simulations. The

i 0= e HLIRG luminosities increase with the star formation rate andlblac
—— FIR 40-120 pm) 3 hole accretion rate. The system is ultraluminous most of the
s time, with periods in HLIRG phases associated with bursts
of star formation or quasar activity. When the last major
! mergers take place betweer 9-7.5, the strong shocks and
10°k T WO A ... , | highly concentrated gas fuel rapid star formation and black

E ‘ 3 hole growth. This also produces a large amount of dust heated
by the central AGN and stars. As a result, the infrared lumi-
nosities increase dramatically, pushing the system to IELIR
class.

The infrared luminosities strongly peakzat 8.7 when the
star formation rate reachés 10*M yr, suggesting a sig-
nificant contribution from stars in heating the dust to emit
in the range +1000:m. During the major quasar phase
(z~ 7.5-6) the star formation declines to 10° M yr*, and
the emission in NIR and MIR outshines that in FIR, demon-
strating that AGN can play a dominant role in heating the
dust and producing NIR and MIR emission. Furthermore, the
AGN can also contribute to FIR emission. For example, while
the star formation rate drops by a factore600 fromz ~ 8.7
(when star formation rate peaks)ze- 6.5 (when black hole
accretion rate peaks, see Figure 1), thg declines by only a
factor of ~ 50, indicating substantial contribution to the
by the AGN. This significant AGN contribution has important
implications for estimating the star formation rate. Wel wil
discuss this issue at length in the next section. During the
“post-quasar” phase at< 6, as a result of feedback which
suppresses both star formation and black hole accretiah, an
gas depletion which reduces the amount of dust, the infrared
luminosities drop rapidly.

The flux ratio f2s,m/ feo.m iS @ color indicator for the cold-
ness of the SED, and can be used as a diagnostic for AGN ac-
12 10 8 6 tivity, as suggested by Sanders & Mirabel (1996). For exam-

Redshift z ple, starburst galaxies usually have cold colgsm/ fegum <
0.3, while quasars are warm witfys,m/ feg.m 2 0.3. The
evolution of the colorfas,m/ feo.m Of the simulated quasar
FIG. 17.— Evolution of rest-frame infrared luminosities of ttpgasar sys- Sys“?m is shown in F|guE[L7_ (bOtFom panel)' The color in-
tem (top panel) and the rest-frame cofgk,.m/ faoum (bottom panel). In the dex is below 0.3 most of the time, i.e. during both starburst-
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1012

1011 I

1

S

top panel, the solid curves represent the luminosity in-iRg(l — 10.m), and post-quasar phases. However, it rises above 0.3 dur-
mid-IR (10-40um), far-IR (40-120um), and IR (8-1000um), respec- ing the short quasar phase. This figure clearly demonstrates
tively. The grey shades indicate regimes for LIRGr(t> 1011 L o), ULIRG that the system evolves from a cold to warm ULIRG (in-

(Lir > 10"2L), and HLIRG (Lr > 10'3L), respectively, as classified . .
by Sanders & Mirabel (1996). The ratis,m/ fooum in the bottom panel cluding HLIRG) as it transforms from starburst to quasar

is an indicator of the coldness of the SED with a critical ealof 0.3 phases. Similar trend is also reportediby Chakrabartiet al.
(Sanders & Mirabbl 1996). The quasar system in our modelesolrom (2007a). Our results provide further theoretical support f
“cold” ULIRG ( faz.m/ feoum < 0.3) to “warm” ULIRG (including HLIRG, the starburst-to-quasar conjecture, as suggested byvabser
f25.m/ feoum > 0.3) as it transforms from starburst to quasar phases. tions [Sanders & Mirabél 1996 Scoville 2003).

6.2. AGN Contamination and th8FR- L r Relation

AGN contamination in infrared observations of dusty, star-

Infrared luminosities are powerful tools to study starburs forming quasar systems has been a long-standing problem. In
galaxies and quasars. From the results in the previous seceur simulations, we see that the contributions from AGNs and
tions, we see that the emission in near-IR (Dxm), mid-IR stars both vary according to the activity of these two popula
(10-40pm) and far-IR (46-120um) comes from re-emission  tions. As shown in Figure_18, during the starburst phase, not
by hot, warm, and cold dust, respectively. Note that the mean surprisingly nearly all the infrared emission comes fronstdu
ing of FIR varies in the literature. Here we use the definition heated by stars. However, during the peak quasar phase, the
of FIR given by Condan (1992) in order to compare our re- contribution from the AGN dominates the infrared light pro-
sults with the observations by Carilli et/al. (2004) who used duction in the system. This result has significant implmasi
the same FIR range. for the interpretation of observational data, such as edém

Using Lir (8—1000um), Sanders & Mirabel (1996) classi- of the star formation rate.
fied infrared luminous galaxies into three categories, mame  In particular, owing to the lack of other indicators such
luminous infrared galaxy (LIRG, k > 10'*L ), ultra-LIRG as UV flux or Hr emission, in observations of high-redshift
(ULIRG, Lig > 10*L.), and hyper-LIRG (HLIRG, I > objects the far-infrared luminosity is commonly used to es-
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FiG. 18.— Contribution to the infrared luminositiesyikk, Lmir, and Lgir,
from both AGN and stars, respectively. During the starbphstse, stars are F T T
the main heating source for the infrared emission. Howeling the peak F 10gSFR = 1.01loglyy —9.64
quasar phase, AGN heating dominates. I ’ R
104 L Stars only
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timate the star formation rate, assuming most or all giL 20 10°k g 2
is contributed by young stars. For example, J1148+5251 has~ o 4 .' 2
Lrr ~ 2 x 103L,, and the star formation rate is estimated o i s
to be ~ 3x 10®Mp yr* (Bertoldi et al.[ 20034, Carilietal. ui _ [ &
2004). However, these studies cannot rule out a substantial 10 ] r S
contribution (e.g.~ 50%) to Lgr by the AGN. If Lgg is in- 3 - B ouasar phase
deed heavily contaminated by AGN activity, then the SFR — o'l ¢ 226.8 model Q%0
Lgr relation would be invalid, and the actual star formation vl vvnnl vl
rate would be much lower. 10" 10* 10" 10"
To demonstrate this, we show in Figliré 19 the SFR:r L Leir 40-120um (Lo)

relation in three cases: (1) only black holes are included as
a heating source of the dust (top panel); (2) only stars are

included (middle panel); and (3) both black holes and sta's a L
included (bottom panel). The top panel shows that there is no i 10gSFR = 0.76logLyy, —6.31
correlation between the SFR and thgs.which is produced 1otk Bis + stars
by AGNs. However, if all the kg is produced solely from ° o
stars, then there is a tight, linear correlation. If theslis 7, r q
contributed by both AGN and stars, then the correlation doul 73 I © g
change. The bottom panel in Figlird 19 shows that during thgs, 10°F o= 2%’ o @
starburst phase where stars dominate dust heating, ttstilk is w S, &
a correlation between SFR ang & with modified slope and & I A
normalization. However, during the peak quasar phase wher® 10%FE Y
the AGN dominates dust heating, there is no correlation at : -'._-lﬂ  Starburst phase
all. To summarize, Figule 19 gives the following SFRgrL I a0
relations: 10! T BT B
10" 10" 10” 10"
1.01
il‘\’_ =23x10710 <ﬂ> (stars-only), (21) Lot s0-tz0um (o)
M@yr 1 L@
SFR (L 076 FIG. 19.— Evolution of the SFR — g relation in our simulations. Here
Moyr? =49x 10" <LL<T) (AGN +stars) (22) we consider the relation in three ca?eRs whegg lis contributed by AGNs

only (case 1, top panel), stars only (case 2, middle parmaf)bath AGNs and

[ stars (case 3, bottom panel). The colored filled symbolsaidithe system at
Here’ the FIR I.S in the range of 40]20” m (reSt frame). different redshifts, while the black open diamond represtre model quasar
This correlation in the stars-only case is very close to that 4t;=65. The black curve in the middle panel is the least-squarésdit the

found by Kennicult (1998b% ~ 1.7 x 10710LeR for star- data, while that in the bottom panel is the fit to data poirtsnfz ~ 14-7.5
© oyr Lo

. i . . : . only (starburst phase). Case 1 has no SFRqg torrelation; case 2 has a
burst galaxies. Note the slight difference in the normaliza gnt jinear correlation similar to that used in obserasi; and case 3 has a
tion might owe to different stellar IMFs used — we use the top non-linear correlation.
heavy Kroupa IMF(Kroupa 2002), while Kennicutt (1998b)

adopts a Salpeter IME_(Salpeter 1955). Also, thg lin that
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FIG. 20.— Evolution of the dust mass and temperature as a functio 10° b [ starburst phase 8
redshift. The dust is heated by both stars and AGN. As thesyst/olves
from starburst to quasar phases, the amount of hot dustisese The dust ~g F
reaches the highest temperature during the peak quasa. gkfeex that, the = L 2
dust cools owing to the decline of AGN radiation. ~ a| <
o 10 E 1074
: *
= [
101 3 e 12
work refers the infrared luminosity integrated over thegan i
of 8—100Q: m. 1001 | | | | "
In our simulation, the model quasarat 6.5 has lgr ~ B B ., ) ;
1.8 x 10'3L,, which is close to that of J1148+5251 derived 10 10 10 10 10
from radio observation| (Bertoldi etlal. 2003a; Carilli et al fsoum (MJY)

2004). If we assume a perfect SFR #d correlation as

in the middle panel of Figure 19 (Equatidn [21]), then the Fic. 21.— Relations between rest-frame fldig,m and hot dust mass
SFR would be~ 4 x 10°M, yr!, similar to the estimate Mo (top panel), andsg,m) and cold dust masilcelq (bottom panel). The
of Bertoldi et al. (2003a); Carilli et al. (2004). Howevenmgt black curve is the least-squares fit to all the data in toplpane data during
SFR of the model quasar from our simulations is abeut ~ Sta™Purst phase at redsuft- 14-7.5 in bottom panel.

112M, yr™t, which is significantly lower than that derived

from an ideal SFR — kg correlation. This discrepancy is

largely due to significant contribution to the k by AGN ac-

tivity. Several studies by Bertoldi etial. (2003a); Cattial.

(2004) and Wang et al. (2007) find that mast 6 quasars do

not seem to show adr — Lg correlation, but instead fol-

low a strong leir — Lradio COITelation as measured in local jng mergers. The amount of cold dudt £ 100 K) reaches a
star-forming galaxies (Condon 1992). These authors there{,avimum atz ~ 8.8 when the last major merger takes place

fore suggest that thege- 6 quasars are strong starbursts, and thep decreases steadily as the dust is heated to higher tem-
that most of the kr may come from stars. However, the peratures, or as the gas is consumed by star formation and
LFiR — Lradio COMrelation may not guarantee the stellar origin pjack hole accretion. Strong star formation is able to heat
of the Ler as the physical basis for this correlation is un- e qust nearly t@ ~ 1000 K. However, the hottest dust at
known. Our results suggest that in quasar systemg,dlone 1, 1200 K is associated only with the peak quasar phase at
may no longer be a reliable estimator for star formationsiate ;g 5 when the hot dust is directly heated by the AGN. After
other diagnostics should also be considered. We will study ¢ the amount of hot dust drops dramatically as a result of
this topic with more detail in a future paper by investiggtin  he rapidly declining radiation from the central AGN.
the correlations in a multiple luminosity planeg k- Lrir — In observations, the dust mass is usually determined by
Lx-ray — Lradio, Of Starburst galaxies and quasars. assuming that the dust radiates as a black- or grey-body
. . (Hughes et al. 1997; Jiang etlal. 2006). In the emergent SEDs
6.3. Evolution of the Dust Properties from our radiative transfer calculations, the cold dust pam
Figure[20 shows the evolution of the dust properties, in- at different redshifts appear to peak aroundbOum (rest-
cluding the dust mass and temperature, as a function of redframe), while the hot dust bumps peak aroun@um. Fig-
shift. As the system evolves from starburst to quasar phasesure[21 shows the relations between the dust mass and fluxes
the amount of hot dust increases accordingly owing to the en-at these two wavelengths. The top panel shows khat
hanced heating from the central AGN, as well as replenish-(T > 10° K) increases Withfz,m flux, while Mcoig (T S 107 K)
ment of gas /dust from incoming new galaxy progenitors dur- correlates withfso,m flux linearly during the starburst phase:
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low NIR flux, as well as the B-band luminosity and the nar-

T - AL — row Lya emission line, which are primarily produced by the

10'F .o 6 starburst. From Figufe 17, we note that there are “vallegs” b
: ° . tween major starbursts (or mergers) where the infrared-lumi

° nosities are low. This may explain the weak FIR in these two
quasars. Another possibility is that these two objects neay b
in the post-quasar phase, which would also have IQ LLg
and FIR (see also Figurel17 dnd 19).

However, our model predicts that the same evolution should
apply to every luminous quasar formed in gas-rich mergérs. |
12 cannot explain statistically why such a lowyk/Lg ratio is
only found in thez ~ 6 quasars, but not at low redshifts. Per-
haps these two quasars indeed have unusual dust properties
that cannot be explained by our current model. More observa-
tions of dust in high-z objects are needed to resolve thesssu
surrounding the IR-weak quasars in Jiang et al. (2006),@nd t
test our model.

1005' """"" Pt Pl e

e
.
Redshift

10'15'

N o ® starburst phase
1] B quasar phase
4 post—gso phase

10_2- M| el N

1011 1012 1013
vL,[4400A] (L)

vL,[3.5um]/vL, [4400A]

7. DISCUSSION

Our three-dimensional Monte Carlo radiative transfer code
ART? makes it possible to calculate self-consistently the ra-
diative transfer and dust emission from galaxies and qeasar
which have large dynamic ranges and irregular geometries.
It works efficiently on hydrodynamics simulations of galax-
ies and mergers, and has flexible grid resolution that can be
adjusted to any SPH resolution in hydrodynamic simulations

FIG. 22.— Evolution of the relation between rest-frame @B luminosity
and B-Band luminosity (4400 A) for the quasar system in oomuations.
The filled circles represent starburst phases, squaresses quasar phases,
and triangles represent post-quasar phases. Colors tieslicedshift of the
object.

M f 122 To date, only a limited number of RT calculations
h°I=4,2><102<M) ) (23) have been performed on galaxy mergers (Jomsson! 2006;
Mo mJy Chakrabarti et al. 200/7a,b). In particular, the paralleNsSU
Meold f50.m 0.98 RISE code developed by Jonsson (2006) marked a milestone
M. =6.0x 108< mJy) . (24) in this direction. It has an adaptive grid similar to ours and

works efficiently on the arbitrary geometry in galaxy merg-
However, during the quasar phase, there appears to be amrs. However, radiative equilibrium is not yet includedhist
excess infsg,m, SO theMcoiq — fso.m CoOrrelation does not ap-  code, so SUNRISE can not currently calculate dust emission
ply. These results suggest that rest-framen3and 5Qm self-consistently.
might serve as good diagnostics for dust, the former for hot On the other hand, Chakrabarti et al. (2007a,b) had a sim-
dust in quasar systems, and the latter for cold dustin stsirbu ilar approach to ours. They apply the code of Whitney et al.
galaxies. (2003b), which employs the same radiative equilibrium algo
It has been suggestediby Jiang etlal. (2006) that the NIR-torithm as in Bjorkman & Woad (2001), to hydrodynamic sim-
optical flux ratio may be used to probe dust properties. Fromulations of galaxy mergers with black holes. However, the
a sample of thirteen~ 6 quasars observed wiSpitzer these spherical, logarithmically-spaced grid used by theseasth
authors find that two quasars have a remarkably low flux ra-is not optimal for describing an inhomogeneous distributio
tio (rest-frame ¥HBum to B-band) compared to other quasars of gas and dust with multiple density centers in galaxies and
at different redshifts, and they are also weak in FIR. Furthe mergers, as exemplified by Figlre 3. Moreover, our method-
more, such a low flux ratio was not seen in low-redshift quasarology is based on a treatment of the multiphase ISM that in-
counterparts. These findings lead to the suggestion the¢ the cludes extinction from dust in the diffuse phase, which was
two quasars may have different dust properties from othersignored in the work of Chakrabarti etlal. (2007a,b). Further
(Jiang et al. 2006). more, we adopt an AGN input spectrum that includes emis-
From our model, we find that the dust properties are associ-sion from dust on scales that the simulations do not resolve,
ated with the evolutionary stages of the host. Figute 22 show unlikelChakrabarti et all (2007a,b) who employ a power-law
the evolution of the ratio lyr/Lg from the quasar system at AGN spectrum. The tests described above demonstrate that
different stages of its life. Early on, during the starbpisase,  the near- and mid-IR emission is sensitive to the resoluifon
the ratio Lyir/Ls is low. As the system proceeds to its peak the RT calculation (Figuild 7), extinction by dust in the dfé
guasar activity, the heating from the central AGN increasesphase of the ISM (Figuifd 8), and the template spectrum of the

the hot dust emission around:1, boosting the kir/Lg ra-

tio. After that, in the post-quasar phase, as the radiatiom f
the AGN declines, the hot dust emission drops rapidly, re- starburst during all evolutionary phases, even when theajua
sulting in a lower lyr/Lg. According to our model, there

AGN (Figure10). The SEDs in the work lof Chakrabarti et al.
(2007&,b) show only cold dust emission characteristic of a

peaks (e.g., Figure 20lin Chakrabarti €t al. 2007b), andgiin p

might be two possible explanations for the two outliers i th ticular, do not at any time exhibit hot dust emission. We at-
Jiang et al.|(2006) sample. One possibility is that they may tribute the differences between our computed SEDs and those
be young quasars that are still in the starburst phase bet havof [Chakrabarti et al.| (2007a,b) mainly to the different grid
not yet reached peak quasar activity, so the light from star f method employed, the handling of extinction by the diffuse
mation may be dominant or comparable to that from the ac-1SM, and our choice of an AGN input spectrum that includes
creting SMBH still buried in dense gas. This may explain the emission on scales that cannot be resolved in our hydrody-
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namic simulations. duce enhanced near-infrared emission (Li & Draine 2001;
In our radiative transfer calculations, we do not exphlicitl IMisselt et al.l 2001), in particular for the PAH feature. Al-
include a dust torus near the AGN. The resolution of our though PAH is not studied in this present work, the code
RT grid is constrained by that of the hydrodynamic simula- can be improved in the future by implementing a temperature

tions, which is of~ 30 pc. As a result, we can not resolve distribution for those small grains. Moreover, one potEnti
the near vicinity of the AGN. In the Unification Scheme for caveat of our RT work is that it is a post-processing procedur
AGN (Miller & Antonucci |1983), a parsec-scale dust torus, It would be ideal to couple the radiation with hydrodynamics
both optically and geometrically thick, has been used te suc i.e., having the radiative transfer done simultaneoustl tie
cessfully explain the different appearances of Type 1 apeTy hydrodynamic simulations (as in e.g., Yoshida et al. 2087) a
2 AGNs. For example, Type 1 AGNs are typically viewed the dynamical evolution of the gas might affect the fornmatio
face-on and show blue UV bump in their spectra, while Type and properties of the dust. However, this effect is curyentl

2 AGNs are viewed edge-on without the blue UV bump. uncertain because such a technique is not yet available for
It is believed that the NIR and MIR emission of an AGN dust emission in galaxy simulations. Although ARE not
comes from the hot dust in the torus structure, as suggestegarallelized, it works fairly efficiently owing to the adap

by various observations, for examples, the MIR and NIR de- refinement tree.

tection of a Seyfert 2 galaxy NGC 1068 (Jaffe etal. 2004; We have done extensive resolution studies which include
Wittkowski et al.l 2004), and the MIR emission of a lensed both the number of photon packets and the refinement level
quasar Q2237+0305 hy Wyithe et al. (2002) in the CfA Red- of the grid, and parameters for the ISM model such as the
shift Survey|(Huchra et &l. 1985). The radiative transfedmo cloud mass spectrum and size distribution, as well as differ
eling by Honig et al.[(2006), which concentrates on the in- ent dust models. We find convergence of the modeled SEDs
ner parsecs of the AGN, has successfully reproduced the SEDvith parameters within observational ranges (see § 2 and § 3)
of NGC 1068 in the NIR and MIR with a three-dimensional, Therefore, we conclude that the RT calculations we present
clumpy dust torus. Such a scale is, however, below the resolu here with AR are robust, and that our model is more self-
tion of our modeling, which follows the dynamical evolution consistent, more realistic, and more versatile than ptevio
of the quasar system on a galactic scale. Moreover, it is notapproaches.

clear whether such a well-defined torus structure would exis

in luminous quasars at high redshifts. Nevertheless, we hav 8. SUMMARY

adopted a composite AGN spectrum (Hopkins ¢t al. 2007d) as we have implemented a three-dimensional Monte Carlo
a sub-resolution recipe for the IR emission from the hottest yadiative transfer code, ART— All-wavelength Radiative
dust near the AGN. Such an approach is supported by therransfer with Adaptive Refinement Tree, and use it to cal-
fact that the composite spectrum represents the average neacy|ate the dust emission and multi-wavelength properties o

to mid-IR emission in thousands of quasars (Richards|et al.quasars and galaxies. ARIncludes the following essential
2006), and that the torus does not contribute much to the far-jmplementations:

IR emission, which comes mainly from cold dust on kilopar-
sec scales. Therefore, for spatial scales of interestethdts
should be reliable, and they are expected be similar to those
from calculations with a torus included. We defer such a cal-
culation to the future when sub-parsec resolution is féasib
in hydrodynamic simulations of quasar formation.

We should point out that dust destruction is not explicitly
included in our modeling. It has been suggested (e.g., McKee
1989; | Draine & McKeee 1993; Draine 2003; Nozawa et al.
2006) that dust destruction might be efficient in non-radéat
shocks by non-thermal and thermal sputtering owing to a
high shock velocity £ 100 km s?) and a high gas temper-
ature & 10° K). However, the sputtering timescale for this
temperature is of- 3 x 10° yr for a gas densityn = 1cni?,
and even shorter if the gas density is higher (Burke & Silk
1974;|Reynolds et al. 1997). It has also been suggested
that dust grains may be destroyed behind radiative shocks
(Todini & Ferraral 2001; Bianchi & Schneidzar 2007). How-
ever, it is expected that the efficiency cannot be signifieant
high redshifts as magnetic fields are likely welak (Gnedir.et a
2000). In our dust treatment in the RT analysis, the dust
is re-calculated based on the gas content in every snapshot
from the hydrodynamic simulations, which has a time inter-
val of 2 Myr. This is equivalent to dust destruction withimsth
timescale. Moreover, we assume different dust-to-gassati
for the cold and hot gas, which accounts for dust survival in
these different phases of the interstellar medium.

One limitation of our ART code is that it does not in-
clude the transient heating of small dust grains (size
200A), which may cause temperature fluctuation and pro-

1. A radiative equilibrium algorithm developed by

Bjorkman & Wood (2001). It conserves the total pho-
ton energy, and corrects the dust temperature without
iteration. This algorithm calculates dust emission effi-
ciently and self-consistently.

. An adaptive grid scheme in 3-D Cartesian coordinates

similar to that ofl Jonsson (2006), which handles an
arbitrary geometry and covers a large dynamic range
over several orders of magnitude. This is indispensable
for capturing the inhomogeneous and clumpy density
distribution in galaxies and galaxy mergers. It easily
achieves a-10 pc-scale grid resolution equivalent to a
~ 10006 uniform grid, which is prohibitive with cur-
rent computation schemes.

. A two-phase ISM model in which the cold, dense

clouds are embedded in a hot, diffuse medium in pres-
sure equilibrium|(Springel & Hernquist 2003a). More-
over, the cold clouds follow a mass spectrum and a size
distribution similar to the Larson (1981) scaling rela-
tions inferred for giant molecular clouds. This model
ensures an appropriate sub-grid recipe for the ISM
physics, which is important for studying dust proper-
ties in galaxies.

. A supernova-origin dust model in which the dust is

produced by Type-Il supernovae, and the size distribu-
tion of grains follows that derived by Todini & Ferrara
(2001). This model may be especially relevant for dust
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in high-redshift, young objects. In traditional dust mod- pretation of observables from the quasar host. The hotisst d
els, the dust is produced by old, low mass stars such agT > 10° K) is present only during the peak quasar activity,
AGB stars, which are typically over 1 Gyr old. How- and correlates strongly with the near-IR flux. The SFRsr L
ever, quasar systems at6.4 are only a few hundred correlation depends sensitively on the relative heatingy co
Myr old, and there would be insufficient AGB stars to tributed from AGN and stars. If the dust heating is dominated
produce the abundant dust as observed in J1148+5251by stars, as in the starburst phase, then there is a tighgrlin
) ) SFR — Lgr correlation similar to the one widely used to inter-
5. The input spectra include those from both stars, cal- pret observations (Kenniclitt 1998b). However, if both AGN
culated using STARBURST99 (Leitherer etal. 1999; ang stars contribute to the dust emission in the far-IR, then
Vazquez & Leitherer_2005), and black holes repre- the correlation becomes non-linear with a modified normal-
sented by a composite AGN template developed by jzation. If the AGN dominates thedr, as in the peak quasar
Hopkins et al. [(2007d). The composite spectrum in- phase, we find no correlation at all. Finally, we find correla-
spectrum, and infrared components that c_omefrom theSOum. The f,m flux may serve as a good diagnostic for
torus near the AGN. The torus structure is unresolved hot dust in quasars, whiltso,m may be used to estimate the
in our hydrodynamic simulations. This template is @ amount of cold dust in starburst galaxies,fag.m correlates
sub-grid recipe to include the hot dust emission within linearly with the cold dust mass.
pc-scales which is below the resolution of our hydrody-  our model demonstrates that massive star formation at
namic simulations. higher redshifts4> 10) is necessary in order to produce the
2 - L . observed dust properties in these quasars. This suggasts th
ART= works efficiently on hydrodynamic simulations of e quasar hosts should have already built up a large stellar
galaxies and quasars performed with GADGET2 _(Springel hopylation byz ~ 6. Our results support a merger-driven ori-
2005). By applying ART to the quasar simulations of gin for luminous quasars at high redshifts, and providenfent

Lietall (2007), in which luminous quasars 28 6 form  gyidence for the hypothesis of starburst-to-quasar eeolut
rapidly through hierarchical mergers of gas-rich galaxes

are able to calculate the multi-wavelength SEDs (from opti-
cal to millimeter) and dust properties of the model quasar at
z~ 6.5 and its galaxy progenitors at even higher redshifts. Special thanks to Kenny Woéénd Barbara Whitnéyfor

We find that a supernova-origin dust model may be able togenerously making their Monte Carlo radiative equilibrium
explain the dust properties as observed in the high-redshif codes publicly available; and to Patrik Jonsson for sharing
quasars. Our calculations reproduce the observed SEDpublicly his fantastic radiative transfer code SUNR{SEVe
and properties such as the dust mass and temperature dhank Gurtina Besla, Stephanie Bush, Sukanya Chakrabarti,
J1148+5251, the most distant Sloan quasar. The dust and inSuvendra Dutta, Giovanni Fazio, Jiasheng Huang, Dusan
frared emission in quasar hosts are closely associated withKeres, Desika Narayanan, Erik Rosolowsky and Josh Younger
the formation and evolution of the system. As the system for many stimulating discussions. YL thanks Lee Armus,
transforms from starburst to quasar phases, the evolufion oFrank Bertoldi, Bruce Draine, Patrik Jonsson, Carol Lotesda
the SEDs is characterized by a transition from a cold to warm Mike Nolta, Casey Papovich, George Rybicki, Nick Scoville,
ULIRG. During the starburst phasezt, 7.5, the SEDs ofthe  Rodger Thompson and Lin Yan for inspiration and discus-
quasar progenitors exhibit cold dust bumps (peak &0um sions. Finally, we thank the referee for a thoughtful report
rest frame) that are characteristic of starburst galaxing- that has helped improve this manuscript. YL gratefully ac-
ing the peak quasar phase~ 7.5-6), the SEDs show a knowledges a Keck Fellowship sponsored by the Keck Foun-
prominent hot dust bump (peaks-at3um rest frame) as ob-  dation, as well as an Institute for Theory and Computation
served in luminous quasars at both low and high redshifgs (e. Fellowship, under which support most of this work was done.
Richards et &l. 2006; Jiang et lal. 2006). The computations reported here were performed at the Center

Furthermore, we find that during the quasar phase, AGN ac-for Parallel Astrophysical Computing at Harvard-Smithison
tivity dominates the heating of dust and the resulting ilfda =~ Center for Astrophysics. This work was supported in part by
luminosities. This has significant implications for theent NSF grant 03-07690 and NASA ATP grant NAG5-13381.

2 http:/www-star.st-and.ac. ukkw25/research/montecarlo/montecarlo.html
3 http://gemelli.colorado.edw/bwhitney/codes/codes.html
4 http://www.ucolick.orgipatrik/sunrise/

REFERENCES

Abel, T., Bryan, G. L., & Norman, M. L. 2002, Science, 295, 93

Andre, P., Ward-Thompson, D., & Motte, F. 1996, A&A, 314, 625

Armus, L., Charmandaris, V., Spoon, H. W. W., Houck, J. Rifé3pB. T.,
Brandl, B. R., Appleton, P. N., Teplitz, H. I., Higdon, S. J., Weedman,
D. W., Devost, D., Morris, P. W., Uchida, K. I., van Cleve, Barry,
D.J., Sloan, G. C., Grillmair, C. J., Burgdorf, M. J., Fajaséicosta, S. B.,
Ingalls, J. G., Higdon, J., Hao, L., Bernard-Salas, J.,éteft, Troeltzsch,
J., Unruh, B., & Winghart, M. 2004, ApJS, 154, 178

Baes, M., Stamatellos, D., Davies, J. |, Whitworth, A. Pab&ini, S.,
Roberts, S., Linder, S. M., & Evans, R. 2005, New Astrononfy,323

Ballesteros-Paredes, J., & Mac Low, M.-M. 2002, ApJ, 57@, 73

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

—. 1996, ApJ, 471, 115

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

Barth, A. J., Martini, P., Nelson, C. H., & Ho, L. C. 2003, Ajx84, L95

Beelen, A., Cox, P., Benford, D. J., Dowell, C. D., Kovacs, Bertoldi, F.,
Omont, A., & Carilli, C. L. 2006, ApJ, 642, 694

Bertoldi, F., Carilli, C. L., Cox, P., Fan, X., Strauss, M, Beelen, A., Omont,
A., & Zylka, R. 2003a, A&A, 406, L55

Bertoldi, F., Cox, P., Neri, R., Carilli, C. L., Walter, F.,n@nt, A., Beelen,
A., Henkel, C., Fan, X., Strauss, M. A., & Menten, K. M. 2003&A,
409, L47

Bianchi, S., Ferrara, A., Davies, J. |., & Alton, P. B. 2000NRAS, 311, 601

Bianchi, S., & Schneider, R. 2007, MNRAS, 378, 973

Bjorkman, J. E., & Wood, K. 2001, ApJ, 554, 615



24 Lietal.

Blitz, L., Fukui, Y., Kawamura, A., Leroy, A., Mizuno, N., & &solowsky,
E. 2007, in Protostars and Planets V, ed. B. Reipurth, D.tle&K. Keil,
81-96

Blitz, L., & Rosolowsky, E. 2006, ApJ, 650, 933

Bondi, H. 1952, MNRAS, 112, 195

Bondi, H., & Hoyle, F. 1944, MNRAS, 104, 273

Brand, K., Dey, A., Weedman, D., Desai, V., Le Floc’h, E.,razi, B. T.,
Soifer, B. T., Brown, M. J. |., Eisenhardt, P., Gorjian, Va@®vich, C.,
Smith, H. A., Willner, S. P.,, & Cool, R. J. 2006, ApJ, 644, 143

Brandt, W. N., Schneider, D. P., Fan, X., Strauss, M. A., GUnk., Richards,
G. T., Anderson, S. F., Vanden Berk, D. E., Bahcall, N. A.nBmann, J.,
Brunner, R., Chen, B., Hennessy, G. S., Lamb, D. Q., Voges&Work,
D. G. 2002, ApJ, 569, L5

Bromm, V., & Larson, R. B. 2004, ARA&A, 42, 79

Burke, J. R., & Silk, J. 1974, ApJ, 190, 1

Calzetti, D., Armus, L., Bohlin, R. C., Kinney, A. L., Kooreef, J., &
Storchi-Bergmann, T. 2000, ApJ, 533, 682

Calzetti, D., Kinney, A. L., & Storchi-Bergmann, T. 1994, Ap129, 582

Carilli, C. L., Bertoldi, F., Rupen, M. P., Fan, X., Strau$$, A., Menten,
K. M., Kreysa, E., Schneider, D. P., Bertarini, A., Yun, M, &.Zylka, R.
2001, ApJ, 555, 625

Carilli, C. L., Walter, F., Bertoldi, F., Menten, K. M., FaX,, Lewis, G. F.,
Strauss, M. A., Cox, P., Beelen, A., Omont, A., & Mohan, N. 208J,
128, 997

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

Chakrabarti, S., et al. 2007b, astro-ph/0610860

Charmandaris, V., Uchida, K. I., Weedman, D., Herter, T.uélg J. R.,
Teplitz, H. I., Armus, L., Brandl, B. R., Higdon, S. J. U., 8ni B. T.,
Appleton, P. N., van Cleve, J., & Higdon, J. L. 2004, ApJS,,16®

Code, A. D., & Whitney, B. A. 1995, ApJ, 441, 400

Colgan, S. W. J., Haas, M. R., Erickson, E. F., Lord, S. D., &léfdach,
D.J. 1994, ApJ, 427, 874

Condon, J. J. 1992, ARA&A, 30, 575

Dame, T. M., Elmegreen, B. G., Cohen, R. S., & Thaddeus, F5,188J,
305, 892

Di Matteo, T., Colberg, J., Springel, V., Hernquist, L., &&iki, D. 2007,
submitted to ApJ, astro-ph/0705.2269, 705

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

Dorschner, J., & Henning, T. 1995, A&A Rev., 6, 271

Draine, B. T. 2003, ARA&A, 41, 241

Draine, B. T., & Lazarian, A. 1998, ApJ, 508, 157

Draine, B. T., & Li, A. 2001, ApJ, 551, 807

—. 2007, ApJ, 657, 810

Draine, B. T., & McKee, C. F. 1993, ARA&A, 31, 373

Dullemond, C. P., & Turolla, R. 2000, A&A, 360, 1187

Dunne, L., Eales, S., lvison, R., Morgan, H., & Edmunds, M020Nature,
424, 285

Dunne, L., & Eales, S. A. 2001, MNRAS, 327, 697

Dwek, E. 2004, ApJ, 607, 848

Dwek, E. 2005, in AIP Conf. Proc. 761: The Spectral Energytribistions
of Gas-Rich Galaxies: Confronting Models with Data, ed. CPGpescu
& R. J. Tuffs, 103—+

Dwek, E., Galliano, F., & Jones, A. P. 2007, ApJ, 662, 927

Efstathiou, A., & Rowan-Robinson, M. 1990, MNRAS, 245, 275

—. 1991, MNRAS, 252, 528

Elmegreen, B. G. 1989, ApJ, 338, 178

—. 2002, ApJ, 564, 773

Elmegreen, B. G., & Falgarone, E. 1996, ApJ, 471, 816

Elvis, M., Marengo, M., & Karovska, M. 2002, ApJ, 567, L107

Elvis, M., Wilkes, B. J., McDowell, J. C., Green, R. F., Bedlt J., Willner,
S. P, Oey, M. S., Polomski, E., & Cutri, R. 1994, ApJS, 95, 1

Fan, X. 2006, Memorie della Societa Astronomica ltaliarg,685

Fan, X., Carilli, C. L., & Keating, B. 2006a, ARA&A, 44, 415

Fan, X., Hennawi, J. F., Richards, G. T., Strauss, M. A., 8ider, D. P,,
Donley, J. L., Young, J. E., Annis, J., Lin, H., Lampeitl, Hypton, R. H.,
Gunn, J. E., Knapp, G. R., Brandt, W. N., Anderson, S., BahbhlA.,
Brinkmann, J., Brunner, R. J., Fukugita, M., Szalay, A. 2qi®ly, G. P.,
& York, D. G. 2004, AJ, 128, 515

Fan, X., Strauss, M. A., Becker, R. H., White, R. L., Gunn, J.Khapp,
G. R., Richards, G. T., Schneider, D. P., Brinkmann, J., &Ugita, M.
2006b, AJ, 132, 117

Fan, X., Strauss, M. A., Schneider, D. P., Becker, R. H., @/Iftt L., Haiman,
Z., Gregg, M., Pentericci, L., Grebel, E. K., Narayanan, V, Koh, Y.-
S., Richards, G. T., Gunn, J. E., Lupton, R. H., Knapp, G. ®zi, Z.,
Brandt, W. N., Collinge, M., Hao, L., Harbeck, D., Prada, $chaye, J.,
Strateva, |., Zakamska, N., Anderson, S., Brinkmann, JacB& N. A,
Lamb, D. Q., Okamura, S., Szalay, A., & York, D. G. 2003, AJ 19649

Finkbeiner, D. P. 1999, PhD thesis, AA(UNIVERSITY OF CALIRDIA,
BERKELEY)

Finkbeiner, D. P., Davis, M., & Schlegel, D. J. 1999, ApJ, 5287

Finkbeiner, D. P., Schlegel, D. J., Frank, C., & Heiles, @20A\pJ, 566, 898

Folini, D., Walder, R., Psarros, M., & Desboeufs, A. 2003 A8P Conf.
Ser. 288: Stellar Atmosphere Modeling, ed. |. Hubeny, D. &bk, &
K. Werner, 433—+

Freudling, W., Corbin, M. R., & Korista, K. T. 2003, ApJ, 58467

Fuller, G. A, & Myers, P. C. 1992, ApJ, 384, 523

Gao, L., White, S. D. M., Jenkins, A., Frenk, C. S., & Springél 2005,
MNRAS, 363, 379

Gao, L., Yoshida, N., Abel, T., Frenk, C. S., Jenkins, A., &iSgel, V. 2007,
MNRAS, 378, 449

Gehrz, R. 1989, in IAU Symp. 135: Interstellar Dust, ed. LAlamandola
& A. G. G. M. Tielens, 445—+

Gehrz, R. D., & Ney, E. P. 1987, Proceedings of the Nationaid&my of
Science, 84, 6961

Glikman, E., Helfand, D. J., & White, R. L. 2006, ApJ, 640, 579

Gnedin, N. Y., Ferrara, A., & Zweibel, E. G. 2000, ApJ, 539550

Gunn, J. E., & Peterson, B. A. 1965, ApJ, 142, 1633

Haas, M., Klaas, U., Miller, S. A. H., Bertoldi, F., CamerniM., Chini, R.,
Krause, O., Lemke, D., Meisenheimer, K., Richards, P. J., &%, B. J.
2003, A&A, 402, 87

Hall, P. B., Gallagher, S. C., Richards, G. T., AlexanderMD, Anderson,
S. F,, Bauer, F., Brandt, W. N., & Schneider, D. P. 2006, A2, 1977

Hao, L., Spoon, H. W. W., Sloan, G. C., Marshall, J. A., Armius,Tielens,
A.G. G. M., Sargent, B., van Bemmel, I. M., Charmandaris\Weedman,
D. W., & Houck, J. R. 2005, ApJ, 625, L75

Hao, L., Weedman, D. W., Spoon, H. W. W., Marshall, J. A., lrsan, N. A,
Elitzur, M., & Houck, J. R. 2007, ApJ, 655, L77

Harries, T. J. 2000, MNRAS, 315, 722

Harries, T. J., Monnier, J. D., Symington, N. H., & Kurosav®, 2004,
MNRAS, 350, 565

Hernquist, L. 1989, Nature, 340, 687

—. 1990, ApJ, 356, 359

Hernquist, L., & Katz, N. 1989, ApJS, 70, 419

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

Hines, D. C., Krause, O., Rieke, G. H., Fan, X., Blaylock, &Neugebauer,
G. 2006, ApJ, 641, L85

Hirashita, H., Nozawa, T., Kozasa, T., Ishii, T. T., & TakbiycT. T. 2005,
MNRAS, 357, 1077

Honig, S. F., Beckert, T., Ohnaka, K., & Weigelt, G. 2006, Ag#52, 459

Hopkins, P. F., Cox, T. J., Keres, D., & Hernquist, L. 2007afr&
ph/0706.1246, 706

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

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

—. 2006, ApJS, 163, 1

Hopkins, P. F., Hernquist, L., Cox, T. J., & Keres, D. 2007istra&
ph/0706.1243, 706

Hopkins, P. F., Hernquist, L., Cox, T. J., Robertson, B., &#se, E. 2007c,
ApJ, 669, 67

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

Hopkins, P. F., Richards, G. T., & Hernquist, L. 2007d, Ap4 6731

Hopkins, P. F., Strauss, M. A,, Hall, P. B., Richards, G. Topg@er, A. S.,
Schneider, D. P., Vanden Berk, D. E., Jester, S., Brinkman@, Szokoly,
G. P. 2004, AJ, 128, 1112

Houck, J. R., Roellig, T. L., van Cleve, J., Forrest, W. Jstele T., Lawrence,
C. R., Matthews, K., Reitsema, H. J., Soifer, B. T., Watson, ND,
Weedman, D., Huisjen, M., Troeltzsch, J., Barry, D. J., BedrSalas, J.,
Blacken, C. E., Brandl, B. R., Charmandaris, V., Devost,@&ull, G. E.,
Hall, P., Henderson, C. P., Higdon, S. J. U., Pirger, B. Ehogawald, J.,
Sloan, G. C., Uchida, K. I., Appleton, P. N., Armus, L., Buogl M. J.,
Fajardo-Acosta, S. B., Grillmair, C. J., Ingalls, J. G., M&arP. W., &
Teplitz, H. I. 2004, ApJS, 154, 18

Houck, J. R., Soifer, B. T., Weedman, D., Higdon, S. J. U.,ddig, J. L.,
Herter, T., Brown, M. J. |., Dey, A., Jannuzi, B. T., Le Floch., Rieke,
M., Armus, L., Charmandaris, V., Brandl, B. R., & Teplitz, H2005, ApJ,
622, L105

Huchra, J., Gorenstein, M., Kent, S., Shapiro, I., Smith, Krine, E., &
Perley, R. 1985, AJ, 90, 691

Hughes, D. H., Dunlop, J. S., & Rawlings, S. 1997, MNRAS, Z8%%

Hummer, D. G., & Rybicki, G. B. 1971, MNRAS, 152, 1

Ivezic, Z., Groenewegen, M. A. T., Men’'shchikov, A., & Szdza, R. 1997,
MNRAS, 291, 121



Modeling Dust inz~ 6 Quasars 25

Jaffe, W., Meisenheimer, K., Rottgering, H. J. A., Lein€&t, Richichi, A.,
Chesneau, O., Fraix-Burnet, D., Glazenborg-Kluttig, Ara&to, G.-L.,
Graser, U., Heijligers, B., Kohler, R., Malbet, F., Miley, &., Paresce,
F., Pel, J.-W., Perrin, G., Przygodda, F., Schoeller, Ml, Bq Waters,
L. B. F. M., Weigelt, G., Woillez, J., & de Zeeuw, P. T. 2004,thi=, 429,
a7

Jiang, L., Fan, X., Hines, D. C., Shi, Y., Vestergaard, Mt8di, F., Brandt,
W. N., Carilli, C. L., Cox, P., Le Floc'h, E., Pentericci, Rjchards, G. T.,
Rieke, G. H., Schneider, D. P., Strauss, M. A., Walter, F.,i&aBmann, J.
2006, AJ, 132, 2127

Jonsson, P. 2006, MNRAS, 372, 2

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

Kennicutt, Jr., R. C. 1998b, ARA&A, 36, 189

Kim, S.-H., Martin, P. G., & Hendry, P. D. 1994, ApJ, 422, 164

Klaas, U., Haas, M., Miller, S. A. H., Chini, R., Schulz, B.ouson, 1.,
Hippelein, H., Wilke, K., Albrecht, M., & Lemke, D. 2001, A&A379,
823

Krause, O., Birkmann, S. M., Rieke, G. H., Lemke, D., Klaas, Mines,
D. C., & Gordon, K. D. 2004, Nature, 432, 596

Kroupa, P. 2002, Science, 295, 82

Kuraszkiewicz, J. K., Wilkes, B. J., Hooper, E. J., McLeod K, Wood, K.,
Bjorkman, J., Delain, K. M., Hughes, D. H., Elvis, M. S., Inpp&. D.,
Lonsdale, C. J., Malkan, M. A., McDowell, J. C., & Whitney, B003,
ApJ, 590, 128

Kurosawa, R., & Hillier, D. J. 2001, A&A, 379, 336

Laor, A., & Draine, B. T. 1993, ApJ, 402, 441

Larson, R. B. 1981, MNRAS, 194, 809

Lefevre, J., Bergeat, J., & Daniel, J.-Y. 1982, A&A, 114, 341

Lefevre, J., Daniel, J.-Y., & Bergeat, J. 1983, A&A, 121, 51

Leitherer, C., Schaerer, D., Goldader, J. D., Delgado, RGMRobert, C.,
Kune, D. F., de Mello, D. F., Devost, D., & Heckman, T. M. 199qJS,
123,3

Leung, C. M. 1976, ApJ, 209, 75

Levenson, N. A., Sirocky, M. M., Hao, L., Spoon, H. W. W., Miaad, J. A.,
Elitzur, M., & Houck, J. R. 2007, ApJ, 654, L45

Li, A., & Draine, B. T. 2001, ApJ, 550, L213

—. 2002, ApJ, 572, 232

Li, Y., Hernquist, L., Robertson, B., Cox, T. J., Hopkins 5. Springel, V.,
Gao, L., Di Matteo, T., Zentner, A. R., Jenkins, A., & Yoshid& 2007,
ApJ, in press, astro-ph/0608190

Li, Y., Klessen, R. S., & Mac Low, M.-M. 2003, ApJ, 592, 975

Li, Y., Mac Low, M.-M., & Klessen, R. S. 2004, ApJ, 614, L29

—. 2005a, ApJ, 620, L19

—. 2005b, ApJ, 626, 823

—. 2006, ApJ, 639, 879

Lopez, B., Mekarnia, D., & Lefevre, J. 1995, A&A, 296, 752

Lucy, L. B. 1999, A&A, 344, 282

Madau, P. 1995, ApJ, 441, 18

Magorrian, J., Tremaine, S., Richstone, D., Bender, R.,&8p®., Dressler,
A., Faber, S. M., Gebhardt, K., Green, R., Grillmair, C., Kendy, J., &
Lauer, T. 1998, AJ, 115, 2285

Maiolino, R., Marconi, A., Salvati, M., Risaliti, G., Segmini, P., Oliva, E.,
La Franca, F., & Vanzi, L. 2001, A&A, 365, 28

Maiolino, R., Nagao, T., Marconi, A., Schneider, R., Bianch., Pedani,
M., Pipino, A., Matteucci, F., Cox, P., & Caselli, P. 2006, iderie della
Societa Astronomica ltaliana, 77, 643

Maiolino, R., Schneider, R., Oliva, E., Bianchi, S., Festak., Mannucci, F.,
Pedani, M., & Roca Sogorb, M. 2004, Nature, 431, 533

Marchenko, S. V. 2006, in ASP Conf. Ser. 353: Stellar Evolutat Low
Metallicity: Mass Loss, Explosions, Cosmology, ed. H. JLGV. Lamers,
N. Langer, T. Nugis, & K. Annuk, 299—+

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

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

Mathis, J. S. 1990, ARA&A, 28, 37

Mathis, J. S., Rumpl, W., & Nordsieck, K. H. 1977, ApJ, 217542

McKee, C. 1989, in IAU Symposium, Vol. 135, Interstellar Busd. L. J.
Allamandola & A. G. G. M. Tielens, 431—+

McKee, C. F., & Ostriker, J. P. 1977, ApJ, 218, 148

Men’'shchikov, A. B., & Henning, T. 1997, A&A, 318, 879

Mihos, J. C., & Hernquist, L. 1996, ApJ, 464, 641

Miller, J. S., & Antonucci, R. R. J. 1983, ApJ, 271, L7

Misselt, K. A., Gordon, K. D., Clayton, G. C., & Wolff, M. J. 2, ApJ, 551,
277

Morgan, H. L., Dunne, L., Eales, S. A,, lvison, R. J., & Edmsniyl. G.
2003, ApJ, 597, L33

Morgan, H. L., & Edmunds, M. G. 2003, MNRAS, 343, 427

Moseley, S. H., Dwek, E., Glaccum, W., Graham, J. R., & Loestein, R. F.
1989, Nature, 340, 697

Narayanan, D., Cox, T. J., Robertson, B., Davé, R., Di MaffedHernquist,
L., Hopkins, P., Kulesa, C., & Walker, C. K. 2006a, ApJ, 6420

Narayanan, D., Kulesa, C., Boss, A., & Walker, C. K. 2006bJ] /17

Narayanan, D., Li, Y., Cox, T. J., Hernquist, L., , Hopkins,Ghakrabarti, S.,
Davé, R., Di Matteo, T., Kulesa, C., Robertson, B., Springel& Walker,
C. K. 2007, ApJ, submitted

Nenkova, M., Ive, Z., & Elitzur, M. 2002, ApJ, 570, L9

Norman, C., & Scoville, N. 1988, ApJ, 332, 124

Nozawa, T., Kozasa, T., & Habe, A. 2006, ApJ, 648, 435

Nozawa, T., Kozasa, T., Habe, A., Dwek, E., Umeda, H., Togana\.,
Maeda, K., & Nomoto, K. 2007, ApJ, 666, 955

Nozawa, T., Kozasa, T., Umeda, H., Maeda, K., & Nomoto, K.208pJ,
598, 785

Papovich, C., Moustakas, L. A., Dickinson, M., Le Floc'h, Rieke, G. H.,
Daddi, E., Alexander, D. M., Bauer, F., Brandt, W. N., Dahlén Egami,
E., Eisenhardt, P., Elbaz, D., Ferguson, H. C., Giavalistplucas, R. A.,
Mobasher, B., Pérez-Gonzalez, P. G., Stutz, A., Rieke, M& Xan, H.
2006, ApJ, 640, 92

Pascucci, I., Wolf, S., Steinacker, J., Dullemond, C. Pnriteg, T., Niccolini,
G., Woitke, P., & Lopez, B. 2004, A&A, 417, 793

Pentericci, L., Rix, H.-W., Prada, F., Fan, X., Strauss, M.S¢chneider, D. P.,
Grebel, E. K., Harbeck, D., Brinkmann, J., & Narayanan, V.03,
A&A, 410, 75

Pinte, C., Ménard, F., Duchéne, G., & Bastien, P. 2006, A&29,4797

Polletta, M., Courvoisier, T. J.-L., Hooper, E. J., & Wilkdés J. 2000, A&A,
362, 75

Reynolds, C. S., Ward, M. J., Fabian, A. C., & Celotti, A. 199MRAS,
291, 403

Rice, W. K. M., Wood, K., Armitage, P. J., Whitney, B. A., & Bjaman, J. E.
2003, MNRAS, 342, 79

Richards, G. T., Lacy, M., Storrie-Lombardi, L. J., Hall, B, Gallagher,
S. C., Hines, D. C., Fan, X., Papovich, C., Vanden Berk, DTEammell,
G. B., Schneider, D. P, Vestergaard, M., York, D. G., Je§erAnderson,
S. F.,, Budavari, T., & Szalay, A. S. 2006, astro-ph/0601558

Rieke, G. H., & Lebofsky, M. J. 1981, ApJ, 250, 87

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

Robertson, B., Li, Y., Cox, T. J., Hernquist, L., & Hopkins,F? 2007, ApJ,
667, 60

Robson, I., Priddey, R. S., Isaak, K. G., & McMahon, R. G. 2008RAS,
351, L29

Roche, P. F., Aitken, D. K., & Smith, C. H. 1993, MNRAS, 261252

Rosolowsky, E. 2005, PASP, 117, 1403

—. 2007, ApJ, 654, 240

Rowan-Robinson, M. 1980, ApJS, 44, 403

Salpeter, E. E. 1955, ApJ, 121, 161

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

Sanders, D. B., Scoville, N. Z., & Solomon, P. M. 1985, ApX» 2873

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

Savage, B. D., & Mathis, J. S. 1979, ARA&A, 17, 73

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 5806

Schmidt, M. 1959, ApJ, 129, 243

Schneider, R., Ferrara, A., & Salvaterra, R. 2004, MNRAS,, 3879

Scoville, N. 2003, Journal of Korean Astronomical Sociéfy, 167

Scoville, N. Z., & Kwan, J. 1976, ApJ, 206, 718

Scoville, N. Z., Yun, M. S., Sanders, D. B., Clemens, D. P., &lMf, W. H.
1987, ApJS, 63, 821

Shemmer, O., Brandt, W. N., Schneider, D. P., Fan, X., Sstals A,
Diamond-Stanic, A. M., Richards, G. T., Anderson, S. F., Guh E., &
Brinkmann, J. 2006, ApJ, 644, 86

Shemmer, O., Brandt, W. N., Vignali, C., Schneider, D. Pa,Ba, Richards,
G. T., & Strauss, M. A. 2005, ApJ, 630, 729

Siebenmorgen, R., Haas, M., Kriigel, E., & Schulz, B. 2005A\&36, L5

Siebenmorgen, R., & Kriigel, E. 2007, A&A, 461, 445

Sijacki, D., Springel, V., Di Matteo, T., & Hernquist, L. 200submitted to
MNRAS, astro-ph/0705.2238, 705

Solomon, P. M., Rivolo, A. R., Barrett, J., & Yahil, A. 1987p4, 319, 730

Spergel, D. N., Verde, L., Peiris, H. V., Komatsu, E., Nol&,R., Bennett,
C. L., Halpern, M., Hinshaw, G., Jarosik, N., Kogut, A., LimdJ., Meyer,
S. S., Page, L., Tucker, G. S., Weiland, J. L., Wollack, E., &ght, E. L.
2003, ApJS, 148, 175

Spoon, H. W. W., Marshall, J. A., Houck, J. R., Elitzur, M.,d{&., Armus,
L., Brandl, B. R., & Charmandaris, V. 2007, ApJ, 654, L49

Spoon, H. W. W., Moorwood, A. F. M., Lutz, D., Tielens, A. G. G,
Siebenmorgen, R., & Keane, J. V. 2004, A&A, 414, 873



26 Lietal.

Spoon, H. W. W,, Tielens, A. G. G. M., Armus, L., Sloan, G. Gargent, B.,
Cami, J., Charmandaris, V., Houck, J. R., & Soifer, B. T. 2086J, 638,
759

Springel, V. 2005, MNRAS, 364, 1105

Springel, V., Di Matteo, T., & Hernquist, L. 2005a, MNRAS,B&/76

Springel, V., & Hernquist, L. 2002, MNRAS, 333, 649

—. 2003a, MNRAS, 339, 289

—. 2003b, MNRAS, 339, 312

Springel, V., White, S. D. M., Jenkins, A., Frenk, C. S., Yash N., Gao,
L., Navarro, J., Thacker, R., Croton, D., Helly, J., PeacdclA., Cole, S.,
Thomas, P., Couchman, H., Evrard, A., Colberg, J., & Pedfc2005b,
Nature, 435, 629

Spyromilio, J., Stathakis, R. A., & Meurer, G. R. 1993, MNRA$3, 530

Steffen, A. T., Strateva, I., Brandt, W. N., Alexander, D., Moekemoer,
A. M., Lehmer, B. D., Schneider, D. P., & Vignali, C. 2006, AB1, 2826

Steinacker, J., Bacmann, A., & Henning, T. 2006, ApJ, 645, 92

Steinacker, J., Henning, T., Bacmann, A., & Semenov, D. 20@3, 401,
405

Strateva, I. V., Brandt, W. N., Schneider, D. P., Vanden BBrlG., & Vignali,
C. 2005, AJ, 130, 387

Stratta, G., Maiolino, R., Fiore, F., & D’Elia, V. 2007, as{ph/0703349

Sturm, E., Lutz, D., Tran, D., Feuchtgruber, H., Genzel, IlRunze, D.,
Moorwood, A. F. M., & Thornley, M. D. 2000, A&A, 358, 481

Sturm, E., Schweitzer, M., Lutz, D., Contursi, A., Genzel, IRRhnert, M. D.,
Tacconi, L. J., Veilleux, S., Rupke, D. S., Kim, D.-C., Steerg, A., Maoz,
D., Lord, S., Mazzarella, J., & Sanders, D. B. 2005, ApJ, 629,

Sugerman, B. E. K., Ercolano, B., Barlow, M. J., Tielens, A. @ M.,
Clayton, G. C., Zijlstra, A. A., Meixner, M., Speck, A., Glatl, T. M.,
Panagia, N., Cohen, M., Gordon, K. D., Meyer, M., Fabbri,Bhwey,
J. E., Welch, D. L., Regan, M. W., & Kennicutt, R. C. 2006, $cie, 313,
196

Tan, J. C., & McKee, C. F. 2004, ApJ, 603, 383

Telfer, R. C., Zheng, W., Kriss, G. A., & Davidsen, A. F. 2083J, 565, 773

Todini, P., & Ferrara, A. 2001, MNRAS, 325, 726

Vanden Berk, D. E., Richards, G. T., & Bauer, A. 2001, AJ, 1549

Vazquez, G. A., & Leitherer, C. 2005, ApJ, 621, 695

Vignali, C., Brandt, W. N., Schneider, D. P., Garmire, G&FKaspi, S. 2003,
AJ, 125, 418

Vignali, C., Brandt, W. N., Schneider, D. P., & Kaspi, S. 2083, 129, 2519

Walter, F., Bertoldi, F., Carilli, C., Cox, P, Lo, K. Y., NelR., Fan, X.,
Omont, A., Strauss, M. A., & Menten, K. M. 2003, Nature, 42864

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

Wang, R., Carilli, C., Beelen, A., Bertoldi, F., Fan, X., \téa| F., Menten,
K. M., Omont, A., Cox, P., Strauss, M. A., & Jiang, L. 2007, Adpress,
astro-ph/0704.2053, 704

Ward-Thompson, D., Scott, P. F., Hills, R. E., & Andre, P. 49BINRAS,
268, 276

Weingartner, J. C., & Draine, B. T. 2001, ApJ, 548, 296

Werner, M. W., Roellig, T. L., Low, F. J., Rieke, G. H., Rielé,, Hoffmann,
W. F.,, Young, E., Houck, J. R., Brandl, B., Fazio, G. G., HaraL.,
Gehrz, R. D., Helou, G., Soifer, B. T., Stauffer, J., KeeneE&kenhardt,
P., Gallagher, D., Gautier, T. N., Irace, W., Lawrence, C.Sfmmons, L.,
Van Cleve, J. E., Jura, M., Wright, E. L., & Cruikshank, D. B02, ApJS,
154, 1

White, R. L., Becker, R. H., Fan, X., & Strauss, M. A. 2005, A29, 2102

Whitney, B. A., & Hartmann, L. 1992, ApJ, 395, 529

—. 1993, ApJ, 402, 605

Whitney, B. A., Indebetouw, R., Bjorkman, J. E., & Wood, K.G20 ApJ,
617, 1177

Whitney, B. A., Wood, K., Bjorkman, J. E., & Cohen, M. 2003gJA 598,
1079

Whitney, B. A., Wood, K., Bjorkman, J. E., & Wolff, M. J. 2003BpJ, 591,
1049

Whittet, D. C. B., ed. 2003, Dust in the galactic environment

Willott, C. J., Delorme, P., Omont, A., Bergeron, J., DeffesX., Forveille,
T., Albert, L., Reyle, C., Hill, G. J., Gully-Santiago, M.,inten, P.,
Crampton, D., Hutchings, J. B., Schade, D., Simard, L., S&wiM.,
Beelen, A., & Cox, P. 2007, ArXiv e-prints, 706

Willott, C. J., McLure, R. J., & Jarvis, M. J. 2003, ApJ, 587,53

Willott, C. J., Percival, W. J., McLure, R. J., Crampton, Buytchings, J. B.,
Jarvis, M. J., Sawicki, M., & Simard, L. 2005, ApJ, 626, 657

Witt, A. N. 1977, ApJS, 35, 1

Witt, A. N., Thronson, Jr., H. A., & Capuano, Jr., J. M. 1999JA393, 611

Wittkowski, M., Kervella, P., Arsenault, R., Paresce, Feckert, T., &
Weigelt, G. 2004, A&A, 418, L39

Wolf, S., Henning, T., & Stecklum, B. 1999, A&A, 349, 839

Wolfire, M. G., & Cassinelli, J. P. 1986, ApJ, 310, 207

Wood, K., Bjorkman, J. E., Whitney, B., & Code, A. 1996a, Ag8]1, 847

Wood, K., Bjorkman, J. E., Whitney, B. A., & Code, A. D. 1996kpJ, 461,
828

Wood, K., & Jones, T. J. 1997, AJ, 114, 1405

Wood, K., Kenyon, S. J., Whitney, B., & Turnbull, M. 1998, AgiB7, 404

Wood, K., Lada, C. J., Bjorkman, J. E., Kenyon, S. J., Whitriy & WOIff,
M. J. 2002, ApJ, 567, 1183

Wood, K., & Loeb, A. 2000, ApJ, 545, 86

Wyithe, J. S. B., Agol, E., & Fluke, C. J. 2002, MNRAS, 331, 104

York, D. G., Adelman, J., & Anderson, Jr., J. E. et al. 2000, ¥2D, 1579

Yorke, H. W. 1980, A&A, 86, 286

Yoshida, N., Abel, T., Hernquist, L., & Sugiyama, N. 2003,JAp92, 645

Yoshida, N., Oh, S. P., Kitayama, T., & Hernquist, L. 2007 JAm press,
astro-ph/0610819

Yoshida, N., Omukai, K., Hernquist, L., & Abel, T. 2006, Ag52, 6



