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1 INTRODUCTION

ABSTRACT

We use semi-analytic modeling on top of the Millennium siatign to study the joint forma-
tion of galaxies and their embedded supermassive blacls hOler goal is to test scenarios
in which black hole accretion and quasar activity are triggeby galaxy mergers, and to
constrain different models for the lightcurves associatéh individual quasar events. In the
present work we focus on studying the spatial distributibsimulated quasars. At all lumi-
nosities, we find that the simulated quasar two-point catiah function is fit well by a single
power-law in the range.B < r < 20h~*Mpc, but its normalization is a strong function of
redshift. When we select only quasars with luminositieinithe range typically accessi-
ble by today’s quasar surveys, their clustering strengfiedds only weakly on luminosity,
in agreement with observations. This holds independefitlf@assumed lightcurve model,
since bright quasars are black holes accreting close toddagton limit, and are hosted by
dark matter haloes with a narrow mass range of a fel¢rtGM.,. Therefore the clustering
of bright quasars cannot be used to disentangle lightcunadets, but such a discrimination
would become possible if the observational samples can bkeguto significantly fainter
limits. Overall, our clustering results for the simulategbgar population agree rather well
with observations, lending support to the conjecture tladdxy mergers could be the main
physical process responsible for triggering black holeetoan and quasar activity.

Key words: galaxies: active - galaxies: formation - quasars: genetabmology: observa-
tions - cosmology: theory

BHs were already in place at high redshift, and since therathe
cretion activity has shifted to smaller scales.

At the beginning of this century, very bright quasars powdrg
black holes (BHs) with masses of the order of 0, were discov-
ered at redshifts up ta~ 6 (Fan et all 2000, 2001). At the same
time, X-ray observations showed that the space density tif/éc
Galactic Nuclei (AGN) peaks a~ 2 — 3, and AGN with high X-
ray luminosities are more common at higher redshift witipeesto
their low-luminosity counterpari (Steffen et al. 2003; Gewt al.
2003; Cattaneo & Bernardi 2003; Ueda €t al. 2003; Hasingat! et
2005)| Heckman et al. (2004), using optical data from SD&8d
that at low redshift only BHs with a mas$ 10'M, are actively
growing. Combined, these observations suggest that sagsive
black holes (SMBHs) grow “anti-hierarchically”: the morassive
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Understanding how this evolution of BH growth relates to-cos
mic structure formation, how BH accretion depends on th&env
ment, and how BHs interact with their host galaxies, haveirec
central questions of cosmology that need to be answeredftdr a
understanding of galaxy formation. In fact, it has beconsaicin
recent years that BHs and galaxies are linked and mutudlly-in
ence each other. This co-evolution has been explored intrgears
through analytic, semi-analytic and fully numerical agarioes in
numerous studies (e.q., Silk & Rees 1998; Kauffmann & Hakhne
2000; | Merloni et al! 2004;_Di Matteo etlal. 2005; Cattaned.et a
2005;/ Croton et al. 2006; Monaco eflal. 2007; Malbon &t al.7200
Marulli et alll2006} 2007).

Starting from_Solten (1982), many papers have combined the
present-day BH mass function with the AGN luminosity deneit
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quasars at various redshifts to conclude that most of thes imas

dington ratio, there should be no strong dependence ofeclagt

todays BHs must have been accumulated during phases of brigh on quasar luminosity, i.e., bright and faint AGN should atlu

AGN activity (see also_Yu & Tremainz 2002; Elvis et al. 2002;
Marconi et al. 2004; Merloni & Heinz 2008). The duration oftle
highly-efficient accretion phases could range from a feviyi0
(Yu & Tremainel 2002) up to Hyr (Marconi et al| 2004), values

be the same type of objects, but seen in different stageseaf th
evolution. They should therefore be hosted by dark mattkrelsa
of similar masses and hence exhibit similar clustering erogs.
Assuming a relation between the quasar B-band peak luntynosi

that strongly depend on the BH mass range considered andeon th and the mass of the host haloes, Lidz etlal. (2006) testegtais

assumed radiation efficiengy In fact, the precise value of this
quasar lifetime is still an open question (Martini 2004)tilates
of the duration of individual accretion events using, foale,
the proximity effec{Carswell et al. 1982; Baitlik et &l. 1988), have
suggested lifetimes of the order of 1 Myr (Kirkman & TytlerGg).

Haiman & Hui (2001) and Martini & Weinberg (2001) sug-
gested to use quasar clustering to obtain estimates of Heaglife-
time (see also the seminal work bf Cole & Kaiser 1989). The rea
soning behind this conjecture is simple: if quasars aregtycclus-
tered, their hosts must be rare objects, and therefore they aiso
be long events in order to account for the total quasar lusityo
density observed. If, on the other hand, their clusteringpimpa-
rable to the clustering of small dark matter haloes, thesthimust
be much more common, and their luminous phases must therefor
have short duration.

The advent of wide-field surveys like SDSS and 2dF quasi-
stellar object (2dFQSO)_(York etial. 2000; Croom etlal. 2004)
with their observation of thousands of quasars has allowdd-a
tailed investigation of the clustering properties of atioge BHs.
Croom et al.|(2005) and Porciani et al. (2004) calculatedctire
relation function of quasars observed in 2dF in the redshiige
0.5 < z< 2. Both groups found that the clustering strength is an
increasing function of redshift, but that it does not depsigphifi-
cantly on quasar luminosity. The inferred values of the khiasld
suggest that quasars of the observed luminosities arechbste
haloes of a few 1¥h~1M., which remains approximately con-
stant with redshift, since haloes of a fixed mass are progedgs
more clustered towards higher redshift (see also Graziah et
2004). Following the approach of Haiman & Hui (2001) and
Martini & Weinberg (2001), the estimated quasar lifetimeuldo
be a few 18yr, reaching~ 10Pyr at the highest observed redshifts.
More recent studies on larger samples and at different ifsish
have confirmed these results (Shen ét al. 2007; Myers et @¥; 20
Coil et al.| 2007| daAngela et all 2008; Padmanabhan et al. 2008;
Ross et al. 2009). However, the magnitude range covereddsgth
surveys is typically quite narrow, and this may explain ekl of
evidence for a significant dependence of clustering on losifp
Wher Shen et al. (2008) analyze the clustering of the 10%nter#g
objects of their sample, they find that these quasars havghehi
bias compared to the full sample.

Using hydrodynamical simulations of isolated galaxy mesge
(Springel et all. 2005; Di Matteo etlal. 2005), Hopkins et/2005%)
studied the luminosity distribution of accreting BHs, whastivity
is triggered by the merger event. Hopkins et al. (2005) fotlvad
the luminosity distribution of the simulated AGN is equisat to a
highly efficient accretion phase (with very high Eddingtatias),
followed by a decaying phase where AGN spend most of their lif
During this extended period, they would appear as faint AGKnN
though they may, in fact, contain quite massive BHs.

Based on these results, Lidz el al. (2006) explored the depen
dence of quasar clustering on luminosity, using an analgic
proach to connect quasars, black hole masses and halo miasses
a quasar model in which the bright end of the luminosity func-
tion is populated by BHs accreting close to their peak lursiityp
and the faint end is mainly populated by BHs accreting at lalv E

diction, and indeed found that only a narrow range of halosesis
should host active quasars, with a median characteristgs &
Mhalo ~ 1.3 x 1013M,. As pointed out by the authors, only future
surveys that will be able to observe the faint quasars i gk
escent stage will be able to test this picture, and to ruletoait
alternative hypothesis of luminosity-dependent quasssteting.

In the present work we explore the properties of quasar clus-
tering using a semi-analytic model for galaxy formation &id
accretion developed on the outputs of the Millennium Sirtioite
(Springel et al. 2005). Compared to other theoretical wa,do
not have to make assumptions about the halo populationnigosti
BHs nor about the relation between the halo mass and the quasa
luminosity (or BH mass), since they are a natural outcoménef t
simulation of the galaxy formation process. However, weehiav
make assumptions about the physics of BH accretion, and what
triggers AGN activity. In this work we are especially intsted in
testing the assumption that galaxy mergers are the primtayg-p
ical mechanism responsible for triggering accretion on&ssive
BHs. To this end we explore the simulation predictions forsar
clustering and the quasar luminosity function obtainedhaipure
Eddington-limited lifetime model and a model that includdsw-
luminosity accretion mode as described| by Hopkins et al0%20
(see also Marulli et al. 2008, hereafter Paper ).

After an introduction to our methodology and a review of
some basic properties of our simulated AGN population (Sect
2), we show their clustering properties in Section 3, wheeeailgo
compare our results with the most recent observationataipdata
available. In Section 4, we show the relation between lumsno
BHs, quiet BHs and their host haloes. Finally, we summariz a
discuss our results in Section 5.

2 MODELSFORBLACK HOLE ACCRETION AND
EMISSION

In this Section, after a short overview of our semi-analyticdel,
we describe the different phases of BH growth and emission
adopted in our model. We then review some basic properties of
the simulated AGN population; further details are given apér |.

21 Fromdark matter particlesto galaxies

The semi-analytic model used in this work is run on the out-
puts of the Millennium Simulation| (Springel et al. 2005).igh
is an N-body simulation which follows the cosmological evol
tion of 216G ~ 100 dark matter particles, each with mass
8.6 x 18h~1M, in a periodic box of 500-1Mpc on a side.
The cosmological parameters used in the simulation are the
ones of the WMAP1 & 2dFGRS ‘concordancACDM frame-
work: Qm = 0.25, Qp = 0.75, og = 0.9, Hubble parameten =
Ho/100 kmsMpc~1 = 0.73 and primordial spectral index= 1
(Spergel et al. 2003).

The merging history trees extracted from this simulation de
scribe the detailed formation history of DM haloes and tiseii-
haloes, identified with a friends-of-friends (FOF) groupder and
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an extended version of thBUBFIND algorithm (Springel et al.
2001), respectively. Using the trees as basic input, ouri-sem
analytic code describes the baryonic processes of galasation
and allows the prediction of galaxy properties in a largetalsg-
ical volume.

The present work is based on the galaxy formation model
described by Croton et al. (2006) and De Lucia & Blaizot (2007
which we extended to follow the details of BH accretion anel th
lightcurves of AGN. We refer the reader to these papers faila f
description of the baryonic physics which describes thdutiam
of galaxies, their stars and their gas. Below, we descrilhg the
prescriptions that directly relate to our study of the etiolu of
SMBHs.

2.2 Creation and accretion of BHs

In this subsection we discuss our modeling of the physicat pr
cesses responsible for BH accretion. In the semi-analybidah a
fraction of the mass of a halo is assigned to baryons in tha for
of hot gas, which as time evolves, will cool and form a galaie
also add a ‘'seed’ BH of very small mass to each newly formeal hal
As galaxies evolve their central BHs are allowed to grow uigio
mergers with other BHs and through gas accretion duringréuko
mode’ and during the ‘quasar mode’. The quasar mode is theepha
during which BHs accrete most of their mass, and during which
BHs can shine as bright AGN. We will therefore mainly concen-
trate most of the discussion on this phase, and we will daescri
which physical process might be responsible for triggetinig ac-
tivity.

2.2.1 BHseeding

The origin of primordial massive BHs is still subject of inte de-
bate: SMBHSs seeds could grow out of the remnants of Pop Ii$ sta
(e.g./Madau & Reées 2001; Heger & Woosley 2002) or could have
their origin directly in the collapse of a low-angular morhen

gas cloud (e.gl, Loeb & Rasio 1994; Koushiappas et al.|2064).
the first case the progenitors of SMBHs would have a mass of the
order of 16 — 103 M,, much less than what could be the outcome
of low-angular momentum gas collapse {10.).

Unfortunately, due to exponential growth during accretibn
is very difficult to use the local population of massive hdlese-
cover information about their original mass before the bogac-
cretion. On the theoretical side, simulations are beingexout to
investigate which model for massive BH formation is mostipla
ble (e.g.. Bromm & Logb 2003; Alvarez etial. 2008). Obseprati
ally, these models for primordial BHs will hopefully be tedtin
the near future either directly through gravitational wae¢ection
(Sesana et al. 2005; Koushiappas & Zentner 2006), or irtlirey
looking at the effect that primordial BHs might have on réation
(e.g./Ricaotti et al. 2005%5; Ripamonti et/al. 2008).

As in Paper |, we assume here that every newly-formed galaxy
hosts a central BH of M. This seed BH may then start ac-
creting through the processes described below. Note howlese
a much larger seed would only influence the BH evolution in our
model at very high redshifts, but it would not influence theutes
in the redshift range of main interest in this paper, simggduse
the large growth factor soon cancels any information abimuseed
mass.

clustering of quasars in semi-analytic models3

2.2.2 Radio mode

When a static hot halo has formed around a galaxy, we asswne th
a fraction of the hot gas continues to accrete onto the deBkta
causing low-level ‘radio’ activity in the galaxy center. Fdarity,

this phase, which is called in jargoadio modebecause it is as-
sociated with the activity of radio galaxies at the centrgalbxy
clusters|(Best et al. 2005), does not include the powerfussion

of FRII radio loud QSOs. Following Croton etlal. (2006), thel B
mass accretion rate during these phasemdio modeactivity is

postulated to scale as follows:
MgH Fhot Wir 3 B
108M, / \ 0.1 / \ 200kms1 /) ’

whereMgy, is the BH massfhtis the fraction of the total halo mass
in the form of hot gasv,; is the virial velocity of the halo ankagn

is a free parameter set equal t6% 10-8Mgyr—1in order to repro-
duce the turnover at the bright end of the galaxy luminosityct
tion. Since fi,ot is approximately constant for;, > 150kms?t,
the dependence dflzy g on this quantity has little effect. Note
that the accretion rate given by equatibh (1) is typicallgens-of-
magnitude below the Eddington limit. In fact, the total mgsswvth
of BHs in theradio relative to thequasar modddiscussed below)
is negligible (Croton et al. 2006).

It is also assumed thaadio mode feedbadkjects energy ef-
ficiently into the surrounding medium, which can reduce arev
stop the cooling flows in halo centers. The mechanical hgatin
generated by this kind of BH mass accretion is parameteidsed
Ly = EMpnc?, wheree = 0.1 is theaccretion efficiencyandc is
the speed of light. The heating modifies the infall rate dueoia-
ing according to:

MBH R = KaGN (

Len
0.5v2

vir

r:r(;ool = rhCOOl - (2)
For consistency we never allow(; , to fall below zero. In this
scenario, the effectiveness of radio AGN in suppressingirngo
flows is greatest at late times and for large values of the Belsma
which is required to successfully reproduce the luminesjtcolors
and clustering of low-redshift bright galaxies.

2.2.3 Quasar mode

This is the phase during which BHs accrete cold gas and bpild u
most of their final mass. This phase has recently acquiregathe
gon nameguasar modéecause it is only through the very efficient
accretion of cold gas that a BH can shine as a bright AGN, but we
stress that this phase is also meant to include accretiooldfgas

at low Eddington ratios.

The tight relation observed locally between BH mass and the
host bulge (e.gl, Magorrian et/al. 1998; Ferrarese & Me?Ga0;
Tremaine et al. 2002; Marconi & Hunt 2003) suggests thatdsilg
and BHs might form during the same events and/or they styong|
influence each other as they evolve. Simulations have shbatn t
during mergers of gas-rich disk galaxies gas is channeledrtb
the nuclei of the merging galaxies through gravitationattes
(Barnes & Hernquist 1996), and this process can indeed be re-
sponsible for the formation of bulges as well as for BH adoret
(Springel et al. 200%; Di Matteo etlal. 2005).

Based on these results, and following Kauffmann & Haehnelt
(2000), in the present work we assume that the quasar phaie is
gered by galaxy mergers. In practice, during merger ever@ss-
sume that the BHs hosted by the merging galaxies instantaheo
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coalesce and form a single BH whose mass is the sum of the pro-

genitor BHs, and that this resulting BH starts accretingatfon of

the available cold gas. In Paper | we found that we need toBét Figure 2. Differential BH mass density &= 0 (red thick line) compared
more efficiently at high redshifts in order to build massivdsgby to the observational estimatelof Shankar e al. (2004){béick line, with
z — 5 without invoking super-Eddington accretion or much more ©"ors enclosed in the grey shaded area).

massive seed masses. In this work we assume that the amount of

cold gas accreted during each merger depends linearly shifed

) y ). Thez = 0 differential mass density of our simulated BHs
Meold is sh in Figur€2 compared with the observational estnoét
AMgt g = BH (1+ Zmerg), 3) is shown in Figu p
Q7 11 (280kms 1/ V)2 g [Shankar et al[ (2004). The corresponding local mass de(fsity
wheremc|q is the total mass of cold gas in the final galazyergis our co;mology withh = 0.73) i§ peH = 3.35x 10° M, Mpc 3,
the redshift of the merger and which is in good agreement with Graham & Driver (2007) (we re-
, fer to these authors for a summary of the values quoted irittre |
fmerg= fmerg (Msat/Meentral » (4) ature).
where fmerg~ 0.02 is a normalization parameter chosen to match To study the redshift evolution of the BH population, it is-im
the observed locallgy — Mpyige relation andmsay/ Meentral is the portant to not only to consider the evolution of the BH mass, b
mass ratio of the merging galaxies. also to relate this to the radiation output of the accretibrwe

In Figureld we show, as a function of redshift, the median ac- are interested in the instantaneous brightness of a quasanpt
creted mas&Mgy g, relative to the value of the BH mass at the only need to calculate how much mass it accretes, but also how
end of a single accretion event, for three final mass bins.ISma long this takes. In other words, we need to model the lightsur
mass BHs accrete efficiently at all epochs (higher curvegreds of individual phases of quasar activity. In Paper | we introed
BHs that, at the end of the accretion event, end-up in masdéive  and tested different models for the AGN lightcurve, and wm-co
jects (lower curve) accrete most of their mass at early tigdsw- pared our results with the AGN bolometric luminosity fuoctiof
redshifts, the amount of ‘new’ gas accreted is relativelgakboom- [Hopkins et al.l(2007). We here briefly describe the lighteumod-
pared to the mass already acquired. This behavior is in agnee els adopted for the present study.
with the apparent ‘anti-hierarchical’ growth of BHs: obsaions At any given time, the bolometric luminosity emitted by an
in the soft and hard X-rays have shown that the number density accreting BH is given by
of bright AGN declines with decreasing redshift, while thend

sity of fainter active nuclei shows the opposite trend (Goeatial. Lpoi(t) = €Macelt)c? = LI\)IBH(t)c2

2003; Steffen et al. 2003; Ueda et lal. 2003; Hasinger|et 850 1-e

Heckman et &1/ (2004) used the emission lines of type 2 AGN ob- = fedd(t)LEdd(t) = fEddMBH(t) &, (5)
served with SDSS to investigate whether the decrease optues tEdd

density of bright objects is simply due to a decrease in theeac  \yheree is the radiative efficiency,gqqis the Eddington luminosity,
tion rate or a decrease in the typical mass of actively grguinis. feaq is the fraction of Eddington luminosity emitted, atighy =

These authqrs fpund ghat the typical mass of BHs that are;{mﬂg orc/(4mmpG) ~ 0.45Gyr (note that we are here considering only
tively accreting isS 10° M, and that larger BHs are experiencing  the [uminosity emitted during thguasar modghase, thus ignoring

little accretion. _ the contribution fromMgy g). If, at any given time, the radiative
In Paper | we showed that, at= 0, this model for BH ac-  efficiency and the Eddington ratio are known, the accretige is

cretion is able to reproduce not only the obseriigh — Mpyige given by:

relation ), but also other scaling redais, such

as the ones between the BH mass and the galaxy central veloc- dt

ity dispersion or color (Marconi & Hunt 2003; Ferrarese & &or dinMgy(t) = tor®)’ (6)
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Figure 3. Bolometric luminosity function assuming Eddington-liedt accretion (Mod |, blue-dashed curve), or Eddingtontéchiaccretion followed by a
quiescent phase of low luminosity (Mod Il, green-solid @)rwvith errors calculated using Poisson statistics. Therosity functions are compared with the
compilation of Hopkins et all (2007) (grey points with besgfven by the grey band).

Figure 4. Probability distribution offgqq, as a function of BH mass and
redshift. The limits in the BH mass bins are shown in the fiestgd in units
of M. At high redshift, most of the BHs accrete at the Eddingtomitli
Today, only the smallest BHs are experiencing efficientetamn.

wheretef(t) = 155

tedd
feda(t)

feda=1).
For simplicity, we assumed a constant radiative efficiency

€ =0.1 (average value for a thin accretion disk, Shakura & Sumyaev

is the e-folding time tgf = tsapeter if

1973) , and we explored different models for the time-evofubf
feqg. In this work we choose not to explore all the four models dis-
cussed in Paper I. Instead, we will focus on two of them, wiieh
regard as representative cases. The first one illustragesirtiple

case of an AGN that shines at the Eddington luminosity. Iteep
sents a very simple model commonly used in the literatueg wie

08 z=0.1 z=1 0 regard as a reference case, despite the fact that, as shdvapén

06F 100 <y <107 los |, fails to reproduce the AGN luminosity function at low anigjn
= redshifts. The second model is very close to the model cédkest’
= M Mg, > 10° in Paper | and illustrates the impact of adopting a non tri&iaN
é light-curve, motivated by numerical experiments. As di&sad in
a Paper | this second model provides a better fit to the AGN lostin

ity function. In what follows, we present a more detailedalgs
tion of the two models:

e Model I fgqq(t) = const= 1. This is the simplest case, in
which we assume that, when active, BHs accrete and raditte at
Eddington limit.
;5 0.6 e Model II: Here we assume that BHs undergo an Eddington-
3 0.4 // limited phase that leads to a peak luminogifal Which is then
o /4 0.4 followed by a long quiescent phase at progressively lowetiries
0.2 H Al ;{_ 0.2 ton ratios. Following the work of Hopkins etlal. (2005), wesasie
) ' that in this long quiescent phase the average time that an AGN
st ﬁ X mﬂmlm_mm 0.0 spends in a logarithmic luminosity interval can be appratizd
-30 -20 -1.0 0.0 -20 -1.0 0.0 by:
10 fes d alt (Lb0|(t))°' @
dinLpe 2\ 1L, )

wheretg = tg(L’ > 10°Le) andtg(L’ > L) is the total AGN life-
time above a given luminositly. Hopkins et al.|(2005) found from
merger simulations thag ~ 10°yr over the range R, < Lo <
Lpeak here, we assume alwags= 10%yr. In the range 1¥L <
LpeakS 1041, Hopkins et al.[(2005) also found thatis a func-
tion of only the AGN luminosity at the peak of its activitypeak
given bya = —0.95+ 0.3210g(Lpeak/10'°L ), with a = —0.2 as
an upper limit.

In this scenario, the peak luminosityeaxreached at the end of
the first accretion phase ligqd(MaH,peak), Where

MBH peak= MgH(tin) + 7 -AMpH,Q- (1 —€). (8)
Here MgH (tin) is the BH mass at the beginning of the accretion,
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AMg q is the fraction of cold gas mass accreted, andets the
fraction of gas that is accreted during the Eddington-kahiphase.
After this first phase, the BH keeps accreting the remaininld ¢
gas at a progressively slower rate, as described by equ@liom
Paper | we setf = 0.7, a value that balances the needs of effi-
ciently building-up massive BHs and of explaining |dgyq BHs

in the local universe. Most of the available gas is therefmereted
during the Eddington-limited phase, and the lightcurve etdd-
troduced by Hopkins et al. (2005) is used to describe onlygthie
escent phase.

A direct comparison of the luminosity functions obtained us
ing Mod | and Mod Il is shown in Figurigl 3. Mod | and Mod Il give
a similar population of high-luminosity AGN: bright AGN aegd-
ways produced by BHs accreting close to the Eddington liAtit.
high redshifts, the faint-end of the luminosity functiomguced by
the two models is very similar as well, suggesting that ay Yégh
redshifts BHs of all masses typically accretefagg= 1. Itis in
the faint-end of the luminosity function at low redshifts eva the
two models predict a different behavior for the AGN lumingsi
only Mod Il (with # = 0.7) is able to fit the low-redshift faint-end
of the luminosity function, implying that a model in which BH
experience long, quiescent accretion phases can inde&rette
number density of low-luminosity AGN at low redshift. Thishe-
cause in Mod Il the average lifetime of AGN is much higher (a
larger fraction of time is spent at low luminosities); it letefore
more probable to observe, at a given redshift, an AGN shiaing
low luminosities. For a more detailed discussion on this refer
again the reader to Paper I.

We have already mentioned that observations indicateltkat t
more massive BHs have accreted most of their mass at eadg tim
whereas in the local universe BHs with a mas40’ M, are ac-
creting efficiently ((Heckman et al. 2004). These resultssHasen
confirmed more recently by Netzer & Trakhtenbrot (2007), who
found that at all redshiftdgqq is smaller for larger mass BHSs.
Similar compilations that use emission lines to estimatdifgt
ton ratios have shown that thigqq of quasars seems to be log-
normally distributed, with a peak arounfqq~ 10~1 — 10706
(Kollmeier et al.| 2006 _Shen etlal. 2008). In Figlde 4 we show,
for Mod I, the redshift evolution of the probability disbrtion
P(fzqdMsn) of the Eddington ratios, given the BH mass. At high
redshifts all BHs accrete close to the Eddington limit. At red-
shifts instead only the smaller BHs are accreting at highirigdn
ratios, while the more massive ones accrete at much lowes.rat
Note that this figure includes all active BHs from our simigat
and therefore a direct comparison with observed data is osgtip
ble. We postpone a more detailed analysis of this point tduadu
work, but we stress that a model with a quiescent phase cauld a
count for the low-redshift behavior of the more massive Bstse(
also the recent work of Hopkins & Hernquist 2008).

3 CLUSTERING PROPERTIES

In this section we discuss the clustering properties of onukated
AGN sample. We first compare the predicted two-point cotiaba
with the autocorrelation of the DM particles. We then conepidue
AGN clustering properties with the clustering of the darkttea
haloes of the Millennium simulation, and in particular exaethe
differences between Mod | and Mod II. We then explore the fumi
nosity dependence of the clustering of the global AGN padpra
and of an optically-visible sub-sample. Finally, we dileaom-

pare the clustering of our simulatéd quasars with recent obser-
vational results.

3.1 Brief description of the correlation parameters used

We use the standard definition of ttveo-point spatial correlation
functionas the excess probability for finding a pair of objects at a
distancer, each in the volume elementgdand d/, (e.g., Peacock
1999):

dP = n?[1+&(r)] dVidVa, 9)

wheren is the average number density of the set of objects under
consideration.

The clustering length ¢ is defined as the scale at which the
two-point correlation function is unityé(ro) = 1 (i.e., the scale
at which the probability of a pair is twice the random). Atlesa
between~ 1 h~IMpc up to few tens of Mpc the observed quasar
correlation function can be approximated by a power-lawallg

expressed as:
r\ Y
i0=(5) -

To calculaterg, unless otherwise stated, we will fit the two-point
correlation with such a power-law in the range:t < 20h~*Mpc
(see the next subsection for details on this).

Finally, the bias between two classes of objects (e.g., AGN
and dark matter) is defined as the square-root of the ratibef t
corresponding two-point correlation functions:

bAGN Dy = | €acN(r)
SV &om(r)

In principle, an accurate determination of the ‘cosmic-
variance’ errors of these quantities as measured from el ation
could be calculated from the variance over many differealiza-
tions of the universe. As we have only one simulation as lasgée
Millennium run at our disposal, this is not practical. A reaable
alternative is to estimate the errors by subdividing the le/i\il-
lennium volume into sub-cubes, and then by calculating dré v
ance among the measurements for each of these sub-volumes, a
approach we will follow here.

In order to directly estimate the impact of the cosmic vari-
ance in the predicted AGN clustering, it is necessary to ribae
AGN properties in mock samples designed to match the rea.one
We have followed this approach in a parallel wark (Marulla&t
(2009), submitted to MNRAS), where we have used the same semi
analytic model presented here to construct mock AGN cati@ieg
mimicking the Chandra deep fields.

(10)

(11)

3.2 AGN and dark matter clustering

We here show the results for the shape of the two-point ctiogl

of the AGN sample, comparing it to the one of the Millennium
dark matter particles. For simplicity, we present only tesults
obtained with Mod Il, since the conclusions of this subsecare
independent of the assumed model for the lightcurve.

In the top panels of Figulfel 5, we plot the two-point correla-
tion of the DM particles (dotted line) and the two-point ada-
tion of faint (Lgg < 10'%L ) and bright [go > 10MLs) AGN
(dashed lines), at three different redshifts. As can be sgem
glance, the main difference betwe&py (r) andEagn(r) lies in
the normalization, they are substantially biased relatoveeach
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Figure 5. Upper panels two-point correlation function of the Millennium dark ntet particles (dotted line) compared with the correlatidrthe AGN
population, divided into a faint and a luminous sub-samgégending on their bolometric luminosity (as indicatedha first panelCentral panels bias
between the two AGN samples and the dark matter as a functiscate.Lower panelstwo-point correlation from the upper panels divided by aeplaw
fit. If &(r) was a perfect power-law, the ratio should be constant withesand equal to unity (dashed horizontal line). We refehéotéxt for a description of

the errors.

other. This bias [Eagn(r)/Epm(r)]Y/2) is plotted in the next set
of panels of Fig[b. The bias is approximately scale-inddpah
(at least in the range & r < 20 h~IMpc), and its average value
increases with redshift. The errofyge, . (1) of the two-point cor-
relation is here the variance (in log-space) of the two-poatre-
lation functions calculated in eight sub-volumes. The rsrom the
bias have been calculated assuming negligible error for DM a
tocorrelation. By error propagation, the error on the b&ashien
op(r) = b(r) 0|og§AGN(r)(In 10)/2.

Finally, in the lower panels of Fifl] 5 we show how the two-
point correlations deviate from a power-law, that is, wadkvthe
calculated (r) by the fit calculated using e {[10). As is well known
(e.g..Springel et al. 2005), the DM correlation function idéss
from a pure power-law at low and intermediate scales. The AGN
correlation function shows a similar shape at intermedsatdes
(r ~ few h~IMpc), but not at small scales, where the AGN two-
point correlation function is a significantly ‘better’ pomdaw that
of the DM. This is highly reminiscent of the findings for theis!
tering of galaxies (Springel etlal. 2005).

As we will again see in the next subsection, the lack of a gtron

correlation signal at small scales is due to the fact thatBids
accrete gas and can shine as bright AGN only after mergetsven
which, in our model, happen mainly in the central galaxiedark
matter haloes (whose mean separatior s h~Mpc). Also note
that each of our mergers lights up only one BH, the merged BH
of the two progenitor galaxies, i.e. our model does not acttor
the possibility that the two BHs exhibit activity as a closeasar
pair already prior to coalescence. Also, as a BH is still eticg
cold gas, it can happen that its host halo merges with anbtider
which could have at its center another accreting BH. Thidds a
why the correlation power at scalgs1 h~IMpc is non-zero, but
negligible. In a forthcoming paper we will compare a pure geer
triggered AGN scenario, with a model in which the possiblexpa
disk instability also could contribute in feeding BHs. Instiast
case we expect a larger AGN halo occupation distributiom{mer

of AGN in a single halo), and a different behavior in the srsakle
clustering regime.
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Figure 6. Two-point correlation function for the AGN sample compared
to the two-point correlation of the Millennium FOF haloesyarious red-
shifts. The AGN are divided into 4 luminosity bins (depergdon the bolo-
metric luminosity), whereas the haloes are divided into s, depending
on the value of their virial mass in units bf 'M,. The AGN in this figure
have been obtained using Mod Il for the lightcurve. In Fig8Bréhe main
difference in the correlation between the two models is liggted.

3.3 AGN and halo clustering

In this subsection we compare the AGN clustering with the-lu
tering of the Millennium haloes. In our model, BHs are allowe
to accrete cold gas only during merger events, which arerexpe
enced mainly by the galaxies sitting at the centers of FOBdsal
As discussed above, only a small fraction of AGN can be hdsyed
satellite haloes. Due to this uncertainty in the quasar regjiime,
we focus in the present work on the clustering on intermechatl
large scales, and we refrain from drawing strong conclissfoom
the results at scales much smaller than the average halmtepa

In Figure[®, we show at different redshifts the two-point-cor
relation function of the AGN population, divided in four limos-
ity bins depending on their intrinsic bolometric lumingsitThis is
compared with the two-point correlation of the FOF haloésded
into two bins according to their virial mass. The AGN showithiis
figure have been obtained using Mod Il for the lightcurve. Tbe
responding correlation lengths are shown in the lower pafieig-
ure[d. In the upper panel of the same figure the correlatiogthesn
of the AGN obtained using Mod | are plotted, also divided inrfo
luminosity bins. In the analysis of the results, we allow &xpo-
nenty of the power-law ansatz for the correlation function to vary
in each fit. The values af andy for the two models thus obtained
are given in Tables]1 arid 2. We also fitted the brightest bih wit
quadratic functionr(z) = a+b (14 2) + ¢ (14 2)?) to compactly
summarize the results, and the values of the coefficientgiaea
at the end of each table.

Comparing the values of the correlation lengths obtained wi
the two models, we do not find significant differences, exéept
the faintest AGN [(go < 10'°L ). An enlarged view of the behav-
ior of the correlation strength of these faint objects aimdi with

‘]4 N T T T T T]
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Figure 7. Correlation length as a function of redshift of the AGN saenpl
divided in four bolometric luminosity bins, compared withetcorrelation
length of the length of two mass bins of the Millennium FOFdeal The
AGN have been obtained using Mod | (upper panel) or Mod Il opanel)
as lightcurve models, respectively. Fits to the brightéss bre shown with
the dotted curve.

Mod | (solid blue curve) and with Mod Il (dotted green curvs) i
shown in Figuré18. While at high redshifts there is hardly dify
ference between the two models, at low redshift the faineaibj
obtained with Mod Il are much more strongly clustered. This i
because most of the population is composed of large BHs that a
accreting at lowfgqq (@s shown in Figurgl4) and that are hosted by
large haloes. In the lower panel of Figlile 8, we see that theco
lation length of the faint objects obtained with Mod Il is cpana-
ble to the ones of haloes withy;; ~ 102 — 1013M,, while faint
objects obtained with a pure Eddington-limited accretioodei
are sitting in haloes of much lower mass. Observationaltefus
ing measurements have been used in recent years to esthmeate t
typical halo masses that host quasars (¢.g., Porciani208H;
Grazian et al. 2004; Croom etlal. 2005). This is usually doye b
comparing the bias of observed quasars with the halo biaénaut
from analytical estimates (Mo & White 1996; Sheth & Tormen
1999, e.g.,). In the present work, the host halo mass is gubut
of the simulation, and therefore we can directly examineréha-
tion between black hole mass, quasar luminosity and halg.nras
sectior 4, we exploit this for a direct study of the dark eoniment
of luminous BHs.

Based on FigurEl7, it seems that the redshift-evolution ®f th
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Mod |
Ly L2 L3 L4

4 fo y fo Y fo y o y

0.1 - - 355+0.37 14 30+0.26 179 301+042 15
0.5 40+05 169 304+029 149 26+011 153 304014 149
1.0 489+037 162 332+012 163 288+0.08 15 272+006 152
1.5 482+0.2 179 334+£0.11 157 281+006 156 296+004 157
20 548+03 171 348+003 155 3284+0.04 155 322+006 15
2.5 62+0.27 154 389+0.12 158 357+0.07 154 337+0.07 155
3.0 6694023 179 481+009 16 4254006 159 395+008 157
40 886+0.62 177 659+0.22 176 586+0.21 17 544+0.11 166
5.0 - - 889+0.58 204 843+044 189 688+0.27 181

fitfor Ly:ro=a+b (1+2)+c(1+2?

, with a,b,c = [4.01,—0.21,0.23]

Table 1. Values of the correlation lengths shown in the upper pandfigire[T. We also added the values of the corresponding pleweslopey. L1
corresponds to the brighter bi, to the faintest. We also give the values of the parametefseofiadratic fit done oy for the brightest bin.

Mod Il
L1 Lo L3 L4

z fo Yy ro Yy ro Yy ro Y

0.1 - - 415+0.6 169 308+0.33 172 466+009 161
0.5 457+0.96 196 286+0.15 127 269+0.1 145 418+0.08 158
1.0 469+0.88 162 355+028 158 3144006 151 367+0.07 156
1.5 56+0.53 189 3554+0.16 152 3054+0.05 153 377+0.07 156
2.0 544+0.23 168 38+0.06 154 353+004 156 4140.09 158
2.5 613+0.36 152 418+0.11 157 3884+0.07 156 4440.09 159
3.0 745+ 0.55 172 51+0.11 165 463+0.09 16 4.94+0.12 164
4.0 10174+0.81 182 6.824+0.22 177 6.06+0.16 177 575+0.14 172
5.0 - - 9224+0.72 201 84+0.28 187 693+018 184

fitfor Li:ro=a+b (1+2)+c(1+2?

, with a,b,c = [5.84,-1.47,0.46]

Table 2. Same as the previous table, this time for the AGN obtaineld Mibd Il (lower panel of Figurgl7).

clustering of quasars is consistent with the redshiftaioh of the
clustering of dark matter haloes (quasars of a given lunitinos-
side at all times in haloes of a fixed mass). Again, the only sub
stantial difference to this trend is for the faint objectsaded with
Mod lI: since their clustering is more constant with redshifim-
plies that their typical host halo mass changes with retishif

3.4 Luminosity dependence of AGN clustering and
comparison with observational data

In this subsection we first examine the dependence of AGNertus
ing on luminosity, looking at the global population, andrtte®n-
sidering a subsample that would be observable in the offtaad.
Observationally, quasar clustering seems not to depend sig

nificantly on luminosity |[(Porciani et al. 2004; Croom et|ad0%;
daAngela et al,. 2008, e.g.,). Orlly Shen et al, (2008) founddadi
tions of a luminosity-dependence of the clustering whem tioen-
pared the two-point correlation of their 10% brightest ctgenith
the rest of the sample. Figuté 7 provides information on Huosv t
correlation length evolves with luminosity in our modelscEpt
for the faintest bin (see Figurgl 8), there is not a substadiffar-
ence between the two models, as pointed out before. In badeisio
we see some moderate evolution with luminosity, and in palt,

in both cases the brightest quasar bin is substantially stovagly
clustered than the lower luminosities.

Note that in this analysis a very large range in luminosities
is covered £ 5dex in luminosity, corresponding te 12.5 abso-
lute magnitudes). Observationally, the accessible lusifpsange
is always much smaller than that. To give predictions that lwa
compared with future observations, we now extract from thba
AGN population sub-samples of optically visible bright AGRrst
of all, to account for obscuration, we calculate the frattd ob-
jects that would be visible in the optical using the ‘obsétedrac-
tion’ from [Hopkins et al.|(2007). This gives, as a functioriwhi-
nosity, the probability for an object to be seen in a givendban

L B

fL)=fae| =r—— ) >
L) 46(10“6erg§1) ’
wherefs6 = 0.260 andB = 0.082) for the B-band.

To convert from bolometric luminosity to B-band luminos-
ity, we used the bolometric corrections again from Hopkinalle

(2007):

K K
Lbol Lbot \ ™ !
= C C:

Lband 1 1010'—@ e ®

where (c1,k1,c2,k2) are respectively6.25,—0.37,9.0,—0.012)
for the B-band.

(12)

(13)
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Figure 8. We compare here the correlation function of faint AGQN{ <
10%L ) obtained using Mod | (solid blue line) and Mod Il (dotted gme
line). We show the result at very high redshift, where thened difference
in the two models, and at low redshift, were the differenceob@es signif-
icant. In the lower panel the corresponding correlationcfiom is shown
as a function of redshift, and the correlation of FOF hal@eshown for
reference.
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Figure 9. Space density as a function of redshift for four subsampes s
lected with B-band magnitude cuts as indicated on the plo¢. Solid lines
are give the space density when the possible obscurati@kes tinto ac-
count. If we allow all our objects to be optically visible, wbtain the space
densities described by the dotted curves. The dashed linkesritze point
below which we have less than 500 objects remaining in in thiehA
nium simulation volume. The open diamonds are the obserakes from
Porciani et al.|(2004), obtained in different magnitudegesdepending on
the redshift (see text for details). The number densitigainbd with our
model using the same magnitude ranges and accounting foui@i®n are
indicated with the filled circles.
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Figure 10. Correlation length (top panel) and bias (lower panel) fa th
AGN selected using the cuts of Figlie 9 (neglecting the &ffetobscura-
tion). Due to lack of enough objects, the clustering prapsrof the two
brightest bins are calculated only down 2e= 1.5. Our predictions are
plotted together with observational data (for the Shen!gP8i08), we in-
cluded their lower estimates). For the bias, the dotted ibnthe predic-
tion of|Hopkins et al.|(2007) and the short-dashed line ishibst fit from
Croom et al.|(2005).

In Figure[® we show as a function of redshift the num-
ber density of our simulated AGN for different luminositytsu
(solid lines). In order to directly compare our number dgesi
with the values inferred from observational data used fostelr-
ing measurements, we calculated in the same figure the number
density of objects in the magnitude ranges given by Poreibal.
(2004) at three different redshifts: the valuesMy,, and Mmax
are[—25.32,—21.72] atz~ 1.0, [-25.97,—22.80] atz~ 1.5, and
finally [—26.44,—2337] at z~ 2.0 (see their Table 1). Note that
their value are inbj, and to convert fronB to the bj-band we
used the relation given by these authors in their Appendixtiere
Mg = My, +0.07. In the Figure, our points are the black dots, while
the numbers quoted hy Porciani et al. (2004) are shown wéh di
monds (the errors quoted by these authors are comparatihe to t
size of the symbol, and therefore are omitted). The agretimen
quite good, even though we slightly underestimate the nurobe
bright quasars at = 2, as expected (see the bright-end of the lu-
minosity function at this redshift in Figufé 3 ). In Figlre @wlso
show the number density of our simulated AGN for the same-umi
nosity cuts, but without accounting for obscuration (ddtiees).

As described above, we account for obscuration by calogati
for each object its probability of being optically visibl@dithen
by randomly extracting objects that satisfy the imposediitam.
Since this probability is a weak function of luminosity, asidce
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Figure 11. Correlation length (top panel) and bias (lower panel) lfor
guasars. The gray line is our prediction (with errors eredom the grey
area). The observational data are the same of Flgdre 10. & ditt pre-
dicted bias as a function of redshift is given in equatlon) (14

clustering analysis is independent of random sampling,ofar
study we ignore the effect of obscuration. This allows usushp
the analysis to brighter magnitude cuts, since for a siedis-
accurate clustering analysis we need at least few hundredtsb
(the dashed harizontal line shows the point at which, in tie f
simulation volume, we cannot expect more than 500 objects).

The correlation lengths of the AGN selected with these lumi-
nosity cuts are shown in Figurel10. We see that at low andnrgter
diate redshifts the correlation length and the bias depeazakiy on
luminosity when a narrow range of luminosities is examir&idce
bright quasars are always powered by BHs accreting closkeeto t
Eddington limit, it seems difficult to use quasar clusteratgser-
vations to disentangle between different light-curve nigdenless
much larger luminosity ranges are probed. The present wditsams
indicate however that, over the range of luminosities oleskr
guasars reside in haloes of similar masses. Based on outsresu
we conclude that the lack of a significant dependence ofexfinst
on luminosity is not primarily a result of invoking lightowe mod-
els with a wide distribution of Eddington ratios, but rattaeises
because in a merger-driven scenario there is a small soattiee
typical halo mass hosting quasars close to their peak Iwsitino

In Figure[10 we added observational data from several works,
to qualitatively compare our results with observations. $tfess
though that the error bars in these figures are calculateceto d
scribe the effect of cosmic variance as described in SeEidin
since we are here ignoring the effect of obscuration, thys i

ing our statistic, a direct comparison with the error baxegiby
observational works is not possible.

Most of the observed quasars have a typical magnitude around
MgJ (Croom et all 2005), with faint limits that strongly depend o
redshift (at very low redshifts surveys can reach faintegmia
tudes, whereas at very high redshifts the limiting magrisudan
be higher tharM..). At z < 1 the faintest observed magnitudes are
Mg =~ —22, going up to~ —24 atz ~ 2 — 3. Since each observa-
tional study uses different magnitude cuts, we can not ddailde
comparison with all the observations available, but overai re-
sults for the values of the correlation length and the biakthair
evolution with redshift are in good agreement with the obeer
tional results.

We also compared observational data with simulated quasars
aroundL., calculated using equation 9 from Hopkins etlal. (2007),
and selecting objects with an intrinsic luminosity largéarn
L./0.5dex (which corresponds to a minimum luminosity approx-
imately 12mag fainter tham,.). Our predictions for the correla-
tion length and the bias fdr, objects as a function of redshifts are
shown in Figurél1, again together with the available olz@mwal
data. The discrepancies with Shen etlal. (2008) for the lativa
length can be due in differences in the calculation of thisndity
(as already mentioned, here we do not fix the valug)oFor the
bias, we show also the best fit from Croom et al. (2005) and the
prediction of_ Hopkins et all (2007). The latter was probdithed
only up toz = 3, thus explaining the turn-over at redshifts above
3 that seems to not be consistent with the trend shown by the ob
servations. A good approximation to our prediction for thesks
given by the fitting function

b(z) = 0.42+0.04(1+2) +0.25(1+2). (14)

Quasars with luminosities arouhd are typically objects very
close to their peak luminosity, therefore correspond t@ctsj ac-
creting at high Eddington ratios. As mentioned before, we- ca
not use these results as a sensitive test of our lightcunaelso
However, the good agreement with observations indicatsatlr
merger-triggered BH accretion model predicts a spatiatidigion
of quasars that is consistent with observations. This ieédiption
of a consistent model of the joint evolution of dark matterag-
ies and black holes, evolvinCDM initial conditions from high
redshift to the present. While the parameters of the semiiytia
model had been tuned to fit the bulk- 0 properties of the BH pop-
ulation and the AGN luminosity function as a function of riifis
information on clustering had not been considered in thestroo-
tion of the model, and therefore must be regarded as genwdelm
predictions.

4 BHS, QUASARSAND THEIR DARK ENVIRONMENT

In this section we explore directly the connection betweéisB
guasars and their dark matter environment. As in our sirauat
the dark matter halo merger trees are the backbone upon which
the baryonic component is treated, we can also use themdg stu
the dark environment of our AGN. This in particular allowstte
of the validity of the approach typically adopted in the mpteta-
tion of observational quasar clustering results (e.g. iBoret al.
2004; Croom et al. 2005), where the observed quasar biagris co
pared with the halo bias predicted by analytical halo mo¢eig.
Mo & White|1996; Sheth & Tormen 1999).

The mass distribution of the haloes hosting AGN of given lu-
minosities,P(Myalo|LagN), is shown in Figuré_12. The AGN are
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Figure 12. Distribution of dark matter halo masses hosting faint-AGixight AGN andL. quasars. The vertical dashed line indicates the medianeof th
distribution for each luminosity bin, and we refer the reatdethe legend on the plot for details in the color/pattending. The AGN have been obtained

using Mod | (upper panel) of Mod Il (lower panel) for the lightve, respectively.

here sub-divided into a faint and a bright sub-sample, ddipgn
on their bolometric intrinsic luminosity. The cut in bolotrie lu-
minosity is here_,, calculated in the same way as for secfiod 3.4.
Based on the results on the Eddington ratio distributioa Egure
[4) and on the clustering, we expect the distribution of thesaa
of the haloes hosting bright AGN to be similar both for Mod Han
Mod II. The main difference should be in the distribution eldes
hosting faint AGN: in the Eddington-limited model, the falkGN
population is composed of small-mass BHs accreting at Eyioim
whereas in the model that includes a long quiescent phagaitite
AGN population at low redshifts includes also quite masgts
accreting at low Eddington ratios.

In Figure[12 we indeed see that for Mod | there is a direct
proportionality between the luminosity of the AGN and thessa
of the host halo: the brighter the AGN, the larger the BH arel th
host halo. Instead, for Mod 1l most of the low-luminosity AGitl
low redshifts are hosted by more massive haloes, i.e., weaBsis
accreting at low Eddington ratio. In the same figures we alsb p
the mass distribution of haloes hostihg quasars. To get a large
enough sample, at any given redshift we included objectsange
of £0.5dex around_... The similar behavior of haloes hostihg
guasars in both models suggests thatobjects are mainly BHs
accreting close to the Eddington limit.

the clustering properties of quasars to estimate the typieas of
their host haloes, at low- (Padmanabhan &t al. 2008), irteiate-
(Croom et al.| 2005| Porciani etlal. 2004; Aagela et al.| 2008;
Myers et al.. 2007) and hight (Shen etlal. 2007) redshifts.s&he
works used quasars observed with SDSS and 2dF, with a typical
luminosity around_,. (except for the very high-redshifts measure-
ments). The masses of the dark matter haloes hosting quesars
timated by these groups are overplotted in Figure 13. Alnatist
these estimates are in the range predicted by our modelypieat
halo mass hosting,. quasars seems to grow upze: 1.5— 2, and
then it decreases again at higher redshifts. To compagihgsent
our simulation results, we fitted our results with a cubicchion

Mhalo = 80 + 812+ 87 + 832, (15)

with g = [11.873;0944;—0.318;002§ for the second panel of
Figure[I3 (the values of these coefficients are similar fer fth
of theL.. curve of the upper panel, which we omit for brevity).

Our results for bright quasars (objects arolunylare also con-
sistent with the estimates bf Lidz et &l. (2006) and Hopkirelle
(2007), who calculate that the typical mass of haloes hgstin
quasars isv 4 x 10t2h~IM,. These authors argue that bright and
faint quasars are the same type of objects but seen in diffeve-
lutionary states, and therefore their typical host halosrswuld

The mean values of the distributions are shown as a function be similar. Since only the brightest quasars are objectetieg at

of redshift in Figuré_IB. In recent years many groups havéyaed

high fgqq, Only for these objects we expect a tight relation between
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Figure 13. In these two panels we show the redshift evolution of the aredi
mass of dark matter haloes hosting AGN of different lumitiesifrom the
previous Figure[(112). For clarity in the plot, we only shove talues ob-
tained for objects witl.go < L. and withLg ~ L. The dotted black curve
shows the best fit to the evolution of the typical host mask.ofjuasars.
The contours indicate the 25 and 75 percentiles. We ovengia estimates
obtained by different groups who examined the clusterimperties of ob-
served quasars (see legend on the plots).

the instantaneous luminosity and the host halo mass. Theamel
between AGN luminosity and halo mass is shown in Fiduie 14.
Indeed, only for the very bright quasars there is a diregb@rigon-
ality between luminosity and halo mass. These are objeatsatie
close to their peak luminosity, have accreted most of theaga#-
able, and at this point their BH is tightly correlated witte tinass
of the host halo (see also next figure). During the rising phafs
the lightcurve (even if BHs are accreting at Eddington), Bifs
not yet strongly correlated with the host halo, reflected lack
of correlation between quasar luminosity and halo massingur
the decaying phase, Mod Il produces a dense population wif fai
objects sitting in massive haloes (see open circles in E[{4).
White et al. (2008) claimed that the very high bias observed
for high-redshift quasars implies a small dispersion inatheve re-
lation. Estimates of high Eddington ratios for bright oltgeat high
redshifts |(Kollmeier et al. 2006; Shen etlal. 2008) indeestrséo
support that for very bright objects a tight relation exisétween
quasar luminosity and halo mass (Fine et al. 2006). However,
would like to point out that just looking at the bright quapapu-
lation it is not sufficient to distinguish between differdightcurve
models.
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Figure 14. Relation ofLgg of the AGN versus dark matter halo mass. In
the upper panel, BHs accrete according to the Mod | ligh&umhile in the
lower panel the predictions are produced using Mod II. Walilgery bright
objects are BHs accreting close to the Eddington limit, tlaénndifference
between the two models lies in the faint objects, where we leadense
population of faint AGN hosted by large haloes (the lightegr open circles
in the lower panel refer to AGN in the quiescent phase). Fareace, the
dashed line marks the Eddington luminosity correspondiregBH mass of
106M,,

The observed scaling relations between BH masses and dif-
ferent properties of the host galaxy have suggested thébiags
of a more fundamental connection between the mass of the BH an
the host system. Using measurements of stellar velocipedisons
and assuming a relation between this quantity and the airea-
locity of the galaxy and the BH mass, Ferrarese (2002), Boais e
(2003) and Shankar etlal. (2006) estimated how the BH masdd cou
be connected to the dark halo mass in the local universe.ghehi
redshifts these estimates are of course more problematiauise
studies of the stellar kinematics are unavailable and we ate
not certain yet how théMgy — o relation evolves with redshift.
Fine et al. [(2006) explored the relation between BHs and ajuas
host haloes at= 0.5— 2.5 using BH virial masses estimates from
the width of broad emission lines and DM halo mass obtainemuh fr
guasar clustering from_Croom et al. (2005). In Fiduré 15, Ve p
the Mgy — Myao relation for our simulated BHs. We include here
only BHs residing in central galaxies of FOF haloes. Thisds b
cause in our model only central galaxies can merge, andftiiere
it is mainly BHs hosted by FOF haloes that can grow (the result
of|Li et all (2006) indicate that this could be supported bgaba-
tions) . Indeed, we find a well-defined relation which getstig
with decreasing redshift. In Paper | we already showed #igion
at redshiftz= 0 and we found good agreement with other works
(Ferrarese 2002; Baes et al. 2003; Shankar et al.| 2006). Were
overplot the results of Ferrarese (2002) and Shankar e2@06(
atz= 0.1 for reference; at = 1 we overplot the zero-point in the
relation estimated by Fine etlal. (2006)g = 1034:02M, for a
halo of Mpaio = 10'2°M,,) and atz= 1 andz = 2 the results from
direct hydrodynamical simulations of Colberg & di Maite®(®)
(for z= 2 we used their result at= 3).

Note that the fact that BHs need to accrete most of the
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Figure 15. Mgy — Mygo relation for BHs sitting in central galaxies. The points ateg simulated objects, and the red line is the best-fit assymilinear
relation. The filled region encloses the 25 and 75 percentifer reference, we show at= 0.1 the result that Ferrarese (2002) obtained -at0 assuming
Wir = Ve (dashed line)y. = 1.8v;; (dot-dashed line) and the prescription from Bullock et/20Q11) for this relation (solid line). Az = 0.1 we show also
the result from_Shankar etlal. (2006) (dotted curve). Thetp@iz = 1 is the zero-point of this relation obtained [by Fine et/al0&). The dashed lines at
z=1 and atz= 2 are from_Colberg & di Mattéd (2008) (far= 2 we used their result at= 3). The horizontal dashed line markgy = 10°M,, which

is approximately our resolution. This plot was obtaineduasieg Mod | for the lightcurve, but the result does not changimg Mod I, since the final BH
masses are the same. The diamonds-ab show the relation between BH mass and halo mass if BHs adctie¢ available mass instantaneously.

available gas before they ‘sit’ on the above relation cowddrz
fluenced at high redshifts by the resolution limit of the il
nium simulation, which does not resolve low-mass haloesviel
~ 10'%h~1M. We will explore this high-redshift behavior in more
details in future work.

Mod I, since at low redshift only the smallest haloes hostaiva
BH. On the other side, if the AGN lightcurve includes a long{o
level phase, then at low redshift also massive haloes atnbas
low-luminosity object.

Estimates of the quasar lifetime obtained from quasar clus-
tering suggest timescales of the order of 2010Pyr, depending
on the redshift. At high redshiftz & 3.5),IShen et al! (2007) esti-
mated lifetimes of the order of 30 600 Myr, while at 29 < z< 3.5
the estimated range decreases to 80 Myr.|Porciani et &l. (2004)
suggestq ~ 107yr atz~ 1, and values approaching®@ at higher
redshifts. As we approach low redshifts and the local uswgthe
guasar lifetimes seem to decrease: Padmanabhan|et al) QP8
gest values< 107yr for their sample of quasars at2< z < 0.6.
As we have shown in Figufe1L6, a strong evolution of the quasar
lifetime is also expected from our models: at intermedtatg: red-
shifts our results are compatible with lifetimes of a fevfyiQ but
the detailed evolution of the duty cycle also depends syooglthe
range of host halo mass considered.

4.1 Duty cycle

The time BHs spend shining as quasars is still an open questio
(see review by Martini 2004). The definition itself of a ‘qaas
lifetime’ is somewhat ambiguous. Observationally it is defl as
the time BHs spend shining at luminosities higher than sami |
(for quasars, the usual definition is the time an active nstimes
with a B-band magnitud®lg < —23mag). Theoretically, it can be
defined in a simpler way as the total time a BH shines at high
Eddington ratio. The quasar lifetime is often also simplyirce
through the duty cycle, which is given by ratio of the quasamn
ber density and the number density of the haloes that carnterst

tq ~ thubbldla/NHalo (€.9-L Adelberger & Steidel 2005).

Haiman & Hui (2001) and Martini & Weinberg (2001) sug-
gested to use the observed quasar clustering to estimatgaisar
lifetime, upon the assumption that a monotonic relatiorstsxbe-
tween quasar luminosity and halo mass (see lalso Haehnélt et a In this series of papers we investigate semi-analytic nsofe/BH
1998)! Adelberger & Steidel (2005) pointed out that the thgoal accretion and quasar emission in the context of a comprieens
estimate of the duty cycle through clustering analysis ddpen galaxy formation model developed for the Millennium Simida.
the Eddington ratio distribution, on obscuration and onstwtter The physical scenario for BH growth we study is based on the
in the realtion between quasar luminosity and halo mass. &s w model for BH accretion from Kauffmann & Haehnelt (2000), as
have seen, the assumption of a tight relation between Iwitino  revised by Croton et al. (2006), which assumes that galaxg-me
and halo mass is overly simplistic for realistic lifetime deds, and ers are the primary physical mechanism responsible forieffiy
it is therefore interesting to use our simulations diretlgxamine feeding central BHs. In Paper|l (Marulli et'al. 2008) we uskee t
the distribution of quasar lifetimes. most recent observations of the local BH population to tesid

In Figure[16 we show the fraction of active haloes (or duty cy- predictions of the model for the local BH demographics,ingst
cle), as a function of quasar luminosity, redshift and hakss for also different theoretical models for the quasar lifetimvgoal
both Mod | (left panels) and Mod Il (right panels). At high sifts to reproduce the observed quasar luminosity function. Wadan
massive haloes have a very high duty cycle, i.e., most ofisdiost overall good agreement between the predicted and the ausBRY
a bright quasar. As expected, the duty cycle evolves mooagiy properties, and that the faint-end of the observed lumindsnc-
with redshift for the more luminous AGN: by redshift= 0.1 only tion can be better reproduced when a quasar lightcurve nisdel
~ 0.1% of the more massive haloes host a quasar, and this resultadopted that includes long quiescent accretion after amgtioh-

5 CONCLUSIONS

is independent on the lightcurve model assumed. Again,iffe-d
ence in the two models is in the faint AGN population: the duty
cycle of faint objects evolves strongly with redshift andsnidor

limited accretion phase.
In the present work we used the spatial distribution of activ
BHs as a further test of our model for BH accretion. Throughou
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Figure 16. Fraction of active haloes (or duty cycle), as a function dteft, halo mass and AGN luminosity. We compare the restitained for Mod | (left

panels) and Mod Il (right panels).

the paper, we compared the results obtained adopting tferelift
theoretical models for the quasar lifetime: pure Eddingtorited
accretion (Mod 1), and a model in which Eddington-limitedtises
tion is followed by a long, weak accretion phase (Mod 1), mod
eled after Hopkins et al. (2005). The main difference betwibe
predictions of the two models is in the faint-end of the luasin
ity function. The long low-luminosity accretion phase alkx by
Mod Il gives rise to a large population of massive BHs thabat |
redshifts are accreting at low Eddington ratios, in agregméth
the observational results of, for example, Heckman let &1042
and Netzer & Trakhtenbiiot (2007), who found that in the lacat
verse only BHs with mass 10’M, are experiencing high-efficient
accretion. As also recently pointed out by Hopkins & Hersqui
(2008), it is only by studying the properties of the faint A@hp-
ulation that the quiescent phase described by Hopking (2Q05)
can be tested.

Independent of the model adopted for the lightcurve, the two
point correlation function of our simulated AGN can be appro
mated by a single power-law in the rang® & r < 20 h~IMpc.
The bias between AGN and the dark matter is a strong funcfion o
redshift, but, at a given epoch, it is approximately corsiarthe
range 10 < r < 20 h~*Mpc. As expected, the correlation lengths
of AGN obtained with Mod | or Mod Il differ only for the faint
population: the correlation length of faint AGN obtainediwiod
Il is consistent with the correlation length of ¥0- 1013h—1Mm,
haloes, whereas faint AGN obtained with Mod | exhibit the sam
clustering as 18 — 1012h—1M, haloes.

Recent results from optical quasar surveys like SDSS and
2dFQSO have not found evidence for a strong dependence

of clustering on luminosity | (Porciani etial. 2004; Croomlet a
2005;| Myers et al. 2007; dAngela et al| 2008, e.g.,), except for
Shen et al. (2008) who detect an excess of clustering for 186
brightest quasars. Our results are consistent with theseredtions

if we consider only quasars with an intrinsic luminosity it the
range probed by these surveys. However, if we compare tise clu
tering properties of AGN over a very extended range of lursiityp
then the correlation length becomes a moderately strorgifumof

luminosity and the value of the correlation length of thefgiop-
ulation in particularly is seen to depend on the lightcurvedsd
assumed. The fact that the clustering of the observed cqudsas
not depend on luminosity could be explained in two ways: grsas
of different luminosities are powered by BHs of the same ntizass
are in different stages of their evolution, and/or the tgpimass
of haloes hosting quasars is approximately constant fotutime-
nosity range probed by observations. From our results tbense
hypothesis seems to be clearly favoured. The mass rangdoefsha
hostingL.. quasars is narrow enough that a significant luminosity
dependence of clustering cannot be detected with the dusken
servational samples, independent of the lightcurve model.

We also directly compared the clustering of dur quasars
with the most recent observational data, and found very ggoee-
ment. Since quasars at these luminosities are objects lesy O
their peak luminosity, and therefore correspond to objectseting
at high Eddington ratios, we cannot, however, use thesédtsezsi
a sensitive test of our lightcurve models. Nevertheless,giod
agreement with observations indicates that our mergggered
BH accretion model predicts a spatial distribution of quabkat
is consistent with observations. This non-trivial outcoos® be
viewed as a further success of the hierarchical galaxy fooma
paradigm, and the cold dark matter hypothesis.

We note that a similar result for the luminosity dependence
of AGN clustering has been found iin_Marulli et al. (2009), who
analyzed mock AGN Chandra catalogues constructed with the
same semi-analytic model adopted in this work. Furthermore
Thacker et al1(2009) have recently found very similar ressulod-
eling the AGN spatial properties in an hydrodynamical satioh.

In future work we will compare the merger-triggered quasar
model with alternative suggestions for the physical triguge
mechanism of quasar activity, such as disk-instabilitiesudng
in isolated galaxies. We expect that quasar clusteringsstat can
here be a potentially powerful discriminant to further doais
the viable physical models for the evolution of supermasbiack
holes, and their co-evolution with galaxies.
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