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ABSTRACT

We model the cosmological co-evolution of galaxies andrthentral supermassive black
holes (BHs) within a semi-analytical framework developedtre outputs of the Millennium
Simulation. This model, described in detaillLin Croton et(aD06) and De Lucia & Blaizot
(2007), introduces a ‘radio mode’ feedback from Active @GttaNuclei (AGN) at the centre
of X-ray emitting atmospheres in galaxy groups and clusfEnanks to this mechanism, the
model can simultaneously explain: (i) the low observed naasp-out rate in cooling flows;
(i) the exponential cut-off in the bright end of the galaxyrinosity function; and (iii) the
bulge-dominated morphologies and old stellar ages of th&t massive galaxies in clusters.
This paper is the first of a series in which we investigate hall this model can also re-
produce the physical properties of BHs and AGN. Here we amedllye scaling relations, the
fundamental plane and the mass function of BHs, and compara tvith the most recent
observational data. Moreover, we extend the semi-anaiytidel to follow the evolution of
the BH mass accretion and its conversion into radiation,camdpare the derived AGN bolo-
metric luminosity function with the observed one. While welffor the most part a very good
agreement between predicted and observed BH properteesethi-analytic model underes-
timates the number density of luminous AGN at high redshifidependently of the adopted
Eddington factor and accretion efficiency. However, an eigyent with the observations is
possible within the framework of our model, provided it isamed that the cold gas fraction
accreted by BHs at high redshifts is larger than at low rdtishi

1 INTRODUCTION between these two fundamental planes is another clue thkatyga
spheroids and BHs do not form and evolve independently.

The paradigm that AGN are powered by mass accretion onto

Over the last years, several observations have demorbthetesu- BHs (Salpetet 1964; Lynden-Bell 1969) has also receivey ver
permassive black holes likely reside at the centres of alésgdal strong support from spectroscopic and photometric obtens
galaxies (see e.g. Kormendy & Richstone 1995; RichstonE et a of the stellar and gas dynamics in the central regions oflloca
1998). Even more interestingly, their properties appeatriangly spheroidal galaxies and bulges. Moreover, by estimatirgdtal
correlate with those of their host galaxiés (Magorrian H18P8; energy radiated by AGN during their whole life, it can be show
Ferrarese & Merritt| 2000{_Gebhardt et 4l. 2000; Grahamlet al. that nearly all the mass in BHs has been accumulated duririg pe
2001;[ Tremaine et al. 2002; McLure & Dunlép 2002; Baes btal. ©ds of bright AGN activity(Soltah 1932), implying that thern-
2003; [Marconi et a1/ 2004} Haring & Rix 2004; Feoli & Mele ~mon physical process which produces galaxy spheroids arsl BH
2007; Graham & Drivér 2007) and, apparently, also with theson ~ Must also be responsible for triggering bright AGN.

of the whole host dark matter (DM) haloes (Ferrarese 2002; Such a cosmological co-evolution of BHs, AGN and
Baes et all 2003; Ferrarese & Ford 2005). Although it is ndt ye galaxies is expected in the standard framework, in which
clear which of these relations is “more fundamental” (seg e. cosmic structures grow hierarchically via gravitationalsta-
Novak et all 2006), they reasonably suggest a close linkdmtw  bility and merging events destabilize the gas at the galaxy
the assembly history of the BHs and the cosmological ewmiuti  centres, triggering star formation and BH mass accretion. |
of galaxies. Most recently, Hopkins et al. (2007a) have shtvat order to investigate this complex scenario, several mobale
these relationships are not independent and could be ietetp been developed, based on either pure analytic approxingatio
as different projections of a BH fundamental plane, analsgo (see, e.g.,| Efstathiou & Rees 19883; Haehnelt & Rees |1993;
the fundamental plane of elliptical galaxies. The strik&mmilarity Haiman & Loeh 1998; Percival & Miller 1999; Haiman & Menou
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2000; [Martini & Weinberg | 2001; | Wyithe & Loeb | 2003;
Hatziminaoglou et al.| 2003| Hopkins et al. _2007b), or semi-
analytic ones (see, e.g.. Kauffmann & Haehnelt 2000;
Cavaliere & Vittorini [2002; | Enoki et al.l 2003} Volonteri gt a
2003; | Granato et al. 2004; Springel et al. 2005; Cattaneb eta
200%; | Croton et al.. 2006{ Malbon et al. 2005; Fontanot et al.
2006). Recently, thanks to the availability of unpreceddnt
computational power, fully numerical models have also bezo
available (see, e.g.. Di Matteo et al. 2005; Springel et 8052

Li et alil2007| Sijacki et al. 2007; Di Matteo et al. 2007).

Simple analytic models in which AGN activity is only trig-
gered by DM halo major mergers succeeded in quantitatively d
scribing the observed evolution of the AGN number countsland
minosity at all but low redshifts, provided that some medbans
advocated to inhibit accretion within massive haloes hgdright
AGN. However they fail in reproducing the observed AGN clus-
tering at high redshifts (Marulli et &l. 2006). Slightly neosophis-
ticated semi-analytic models in which the halo merger nysemd
associated BHs are followed by Monte Carlo realizationshef t
merger hierarchy, while the baryonic physics is neglecedaill,
can correctly reproduce both the AGN luminosity and cluster
function atz > 1 (Marulli et al.[2008), but the number density of
faint AGN is significantly below observations, a clear iration
that DM halo mergers cannot constitute the only trigger twetton
episodes in the local BH populatian_(Marulli etlal. 2007)d dhat
in order to properly describe the cosmological evolutioBlds and
AGN, the main baryonic phenomena involving the gas contehts
DM halos cannot be neglected.

This complication is reminiscent of the one found in the de-
scription of galaxies, where the well-known mismatch inghbe-
tween the predicted distribution of DM halo masses and the ob
served distribution of galaxy luminosities requires th@sidera-
tion of complex baryonic phenomena like, for instance, itapin-
efficiencies to reduce gas condensation in massive stas;tor
supernoval (White & Rees 1978; White & Frenk 1991) and stellar
kinetic feedback (Fontanot etlal. 2006) to remove cold gdsvin
mass systems, as well as photoionisation heating to supfres
formation of dwarfs|(Efstathiou 1992). Cooling effectsraoare
however too weak to produce the bright end cut-off of the fumi
nosity function, and it seems to be mandatory to include -addi
tional feedback processes in massive halosi(e.g. BenstrP608&;
Fontanot et al. 2006; Croton et al. 2006; Ciotti & Ostrikel02]
Standard models of galaxy formation face two additionalbpro
lems: i) the persistence of a hot gas atmosphere at the ogitre
most galaxy clusters despite the fact that the local codiimg is
much shorter than the age of the system (see, e.g. Cowie &Binn
1977;| Fabian & Nulsen 1977; Peterson et al. 2001; Tamure et al
2001; Fabian et al. 2008; McNamara el al. 2005; Morandi &fi:tto
2007, and references therein), and ii) the fact that mossives
galaxies, typically ellipticals in clusters, are made @& tidest stars
and so finished their star formation earlier than lower madaxg
ies (see, e.@g. Cowie etlal. 1996; De Lucia et al. 2006; Ciretil.
2006, and references therein).

In this paper we study the cosmological co-evolution of
galaxies and their central BHs using a semi-analytical rode
developed on the outputs of the Millennium Simulation and
described in detail in Croton etlal. (2006) and De Lucia & Bbai
(2007). In this scenarioradio mode feedback from AGN at
the centre of galaxy groups and clusters is invoked to pteven
significant gas cooling in large halos, thus limiting the mas
of the central galaxies and preventing them from formingssta

through mergers. Thanks to this mechanism, Crotonl et aQ€(20
demonstrated that such a model can simultaneously exgiain t
low observed mass drop-out rate in cooling flows, the expiaen
cut-off in the bright-end of the galaxy luminosity functioand
the bulge-dominated morphologies and stellar ages of thet mo
massive galaxies in clusters.

Here we are interested in investigating how well this model
can also reproduce the statistical properties of BHs and AGN
To do that, we extend the original model by adding new semi-
analytical prescriptions to describe the BH mass accratomin
the accretion episodes triggered by galaxy mergers, whiehtiie
guasar modgand their conversion into radiation. We then analyze
the scaling relations, the fundamental plane and the massidn
of BHs, and compare them with the most recent observational
data available. Finally, we compare the predicted AGN beiim
luminosity function with the observed one, and propose some
modifications to the original semi-analytic assumptionketier fit
the data.

The paper is organized as follows. In Secfibn 2, we briefly de-
scribe the main aspects of our semi-analytic model andii#itessthe
new equation introduced to describe the BH mass accretitimein
guasar modén more detail. In Sectioh] 3, we compare the model
predictions with the best observational data availabletlier BH
and AGN populations. Finally, in Sectifh 4 we summarize an-c
clusions.

2 THE MODEL

Our semi-analytic model for the co-evolution of DM haloeslax-
ies and their central BHs consists of three ingredients, veade-
scribe separately in this section: a numerical simulat@nhtain
the merger history of the DM haloes, a set of analytic presions

to trace the evolution of galaxies within their host haloed a set

of recipes to follow the BH accretion history and the AGN phe-
nomenon.

2.1 Numerical simulation

In this work we use the outputs of the Millennium Simulation,
which followed the dynamical evolution of 2186- 101° DM par-
ticles with mass & x 108h—1M, in a periodic box of 5086~1Mpc

on a side, in aACDM *“concordance” cosmological framework
(Springel et al. 2005). The computational box is large ehdodn-
clude rare objects such as quasars or rich galaxy clusterigrgest
of which contain about 3 million simulation particleszat 0. At
the same time, the mass resolution is high enough to resbéve t
DM halo of 01L, galaxies with~ 100 particles. The short-range
gravitational force law is softened on the co-moving scéaiekpc
(Plummer-equivalent) which may be taken as the spatialutsn
limit of the calculation. The cosmological parameters (that-
ter density paramete®, = 0.25, the baryon density parameter
Qp = 0.045, the Hubble parametér= Hy/100kmsMpc~! =
0.73, the cosmological constant contribution to the densityam-
eterQp = 0.75, the primordial spectral index= 1, and the power
spectrum normalizationg = 0.9), are consistent with determina-
tions from the combined analysis of the 2-degree Field GeRed-
shift Survey (2dFGRS) (Colless et ial. 2001) and first-year XM
data (Spergel et al. 2003), as shown_ by Sanchez et al.| (20G6)

at late times when their mass and morphology can still change recall that the more recent analysis of the WMAP 3-year data
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(Spergel et al. 2007) suggests slightly different valuagérticu-
lar smaller values fo®, og andn). However, as demonstrated by
Wang et al.[(2007), due to the current modelling uncertagntit is
not possible to distinguish the two WMAP cosmologies on the b
sis of the observed galaxy properties, since the variaiimhsced
by acceptable modifications of the free parameters of thaxgal
formation model are at least as large as those produced bathe
ation in the cosmological parameters.

The Millennium Simulation was carried out with a specialver
sion of theGADGET-2code [(Springel 2005), optimized for very low
memory consumption, at the Computing Centre of the Max<¢Kan
Society in Garching, Germany. We make use of hierarchicajme
ing trees extracted from this simulation which encode thiefdu-
mation history of DM haloes and subhalos, previously idati
with, respectively, a friends-of-friends (FOF) group-findand an
extended version of theUBFIND algorithm (Springel et al. 2001).
These trees constitute the backbone of our semi-analytitemo
which is implemented during the post-processing phaseathiws
us to simulate the wide range of baryonic processes ocgutlin
ing the formation and evolution of galaxies and their cdrigtds.

2.2 Galaxy evolution

distribution,

Mhot
Polt) = aryr?
wheremyq is the total hot gas mass associated with the halo and is
assumed to extend to its virial radiBg;.

In order to estimate an instantaneous cooling rate onto the
central object of a halo, given its current hot gas conteet,de-
fine the cooling radiug,cqq, as the radius at which the local cool-
ing time (assuming the structure of equatibh (2)) is equahto
halo dynamical timeRi /Mir = 0.1H(2)~* (Springel et al. 2001;

De Lucia et al. 2004; Croton etlal. 2006); hét¢z) represents the
redshift evolution of the Hubble constant. The cooling e then
be determined through the following continuity equation,

Meool = 4T[pg(rcool)rc2:oo|fcool . (3)
More details about our cooling prescriptions can be found in
Croton et al.|(2006).

The photo-ionization heating of the intergalactic medium
suppresses the concentration of baryons in shallow patenti
(Efstathioll 1992), and can be responsible of the inefficecte-
tion and cooling in low-mass haloes. Following Gnedin (20082
model the effect of such photo-ionization heating by definin
characteristic mass scaldg, below which the gas fractioffy, is

)

We use the galaxy formation modellof Croton €etial. (2006) as up reduced relatively to the universal value:

dated by De Lucia & Blaizot (2007). Although not in agreement
with some properties of the red and blue galaxy populatises,(
e.g.,Weinmann et él. 2006; Kitzbichler & White 2007), thiedtel
is able to reproduce the overall observed properties okigdai.e.
the relations between stellar mass, gas mass and meyatfietiu-
minosity, colour and morphology distributions (Croton E2806;
De Lucia et al! 2006), the two-point galaxy correlation fiiics
(Springel et al. 2005), and the global galaxy luminosity amass
functions at high redshift (Kitzbichler & While 2007). Wefee to
the original papers for a full description of the numeriaable-
mentation of the model. In the following, we briefly recakttreat-
ment of the physical processes involved in the galaxy esmiuand
describe the prescriptions for the BH growth and the AGN @vol
tion.

Following the standard paradigm set outlby White & Frenk
(1991) and adapted to high-resolution N-body simulatiogs b

fé‘:osmic
[1+ 0-26MF(Z)/Mvir}3 . @

We adopt theMg(z) parameterization of Kravtsov etlal. (2004),
which results in a filtering maddg of 4 x 10°M, at the reioniza-
tion epoch, and & 101%M, by the present day (but see Hoeft €t al.
2006).

In the semi-analytic framework we use in this work, the star
formation is assumed to occur at a rate given by:

M, = asF(Meold — Merit) /tdyn disc » (5)
wheremgqg is the cold gas massgyn gisc is the dynamical time
of the galaxy, defined as the ratio between the disk radiugtend
virial velocity, mgjt corresponds to a critical value for the gas sur-
face density| (Kauffmannh 1996; Kennic¢utt 1998; Mo et al. 1998
andasg = 0.03 controls the efficiency of the transformation of cold

ff,‘alo(Z Myir) =

Springel et al. [(2001), we assume that as a DM halo collapses, gas into stars. Massive stars explode as supernovae shivetlgtar

a fraction f,, = 0.17 of its mass is in the form of baryons and
collapses with it, consistent with the first-year WMAP résul
(Spergel et al. 2003). Initially, these baryons are in thenfof a
diffuse gas with primordial composition, but later theylime gas
in several phases as well as stars and heavy elements. @onven
ally, with the simplifying assumption of an ideal gas whiabots
isobarically, the cooling time of the gas is computed as #ie of
its specific thermal energy to the cooling rate per unit vaum

¢ _ 3 HmpkT
<ol 2 pg(NA(T,Z) ’

wherepny, is the mean particle madsjs the Boltzmann constant,
pg(r) is the hot gas density, ant(T,Z) is the cooling function
(Sutherland & Dopita 1993; Maio etlal. 2007). Equatioh (M)dkd
at temperature higher than 10* K, where hydrogen and helium
remain ionized and the number of particles remains appratain
constant.

@)

formation events and are assumed to reheat a gas mass fmoglort
to the mass of stars:

AMreneated™ EdiskAM;, (6)

where we set the free parametgfkx = 3.5 based on the observa-
tional data. The energy released by an event which forms a mas
Am, in stars is assumed to be:

AEgy = 0.5enaAm.Vay, )

where 05V32N is the mean supernova energy injected per unit mass
of newly formed stars, andygo represents the efficiency with
which this energy is able to convert cold interstellar medinto
hot, diffuse halo gas. The amount of gas that leaves the Did hal
in a “super-wind” is determined by computing whether excgNis
energy is available to drive the flow after reheating of mateo
the halo virial temperature.

We model the disk instabilities using the analytic stayiditi-

We assume the post-shock temperature of the infalling gas to terion of Mo et al.|(19¢8); the stellar disk of a galaxy becerue-

be the virial temperature of the hal®,= 35.9(Vy;; /kms1)2 K,
whereV,;; is the halo virial velocity. Moreover, we assume that
the hot gas within a static atmosphere has a simple ‘isothlérm

stable when the following inequality is met:
Ve

———— < 1. 8
(GMyisi/Tdisk) ¥/ 2 ®)
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At each time-step we evaluate the left-hand side of equdBpn
for each galaxy, and if it is smaller than unity we transfeouggh
stellar mass from disk to bulge (at fixed) to restore stability.

In the Millennium Run, substructures are followed down to
masses of ¥ x 101%~1M., so that we can properly follow the
motion of galaxies inside their hosting DM haloes until tida
truncation and stripping disrupt their subhalos at thiléson
limit. At this point, we estimate a survival time for the gala
ies using their current orbit and the dynamical frictionnfiola
of Binney & Tremaine [(1987) multiplied by a factor of 2, as in
De Lucia & Blaizot (2007). After this time, the galaxy is assed
to merge onto the central galaxy of its own halo. Galaxy mmrge
induce starburst which we describe using the “collisiotellmirst”
prescription introduced by Somerville et al. (2001). Irsthiodel,

a fractioneys; of the combined cold gas from the two merging
galaxies is turned into stars as follows:

vurst= Bburst Msat/ Meentra) **" ©)

where the two parameters are takenoggrst = 0.7 and Bpurst =
0.56, appropriate for merger mass ratios ranging from 1:1010 1
(Cox12004).

2.3 BH massaccretion and AGN
2.3.1 The ‘radio mode’

When a static hot halo has formed around a galaxy, we asswne th
a fraction of the hot gas continuously accretes onto theakeBH,
causing a low-energy ‘radio’ activity in the galaxy centrellow-

ing [Croton et al.|(2006), the BH mass accretion rate durimgeh
phases is postulated to scale as follows:

: B MgH fhot Wir 3
MerR = Kacn (108|v|@) (0.1 200kms1) @ (19

whereMgy is the BH massfyqt is the fraction of the total halo mass
in the form of hot gas, andagy is a free parameter set equal to
7.5x 10 %M yr—1 in order to reproduce the turnover at the bright
end of the galaxy luminosity function. Sindg,; is approximately
constant fol;, > 150kms®, the dependence ohgy R ON this
quantity has a little effect. Note that the accretion rateegiby
equation[(ID) is typically orders-of-magnitude below tiigllgton
limit. In fact, the total mass growth of BHs in the radio rélatto
the quasar mode discussed below is negligible.

It is also assumed that thradio modefeedback injects en-
ergy efficiently into the surrounding medium, which can reslor
even stop the cooling flow in the halo centres. The mechaheatt
ing generated by this kind of BH mass accretion and descuised
Lgn = EMgnc?, wheree = 0.1 is theaccretion efficiencyndc is
the speed of light, induces a modified infall rate of the fwoilny
kind:

r:r(:ool = r:n(:00| a— (11)
For consistency we never allaw,, to fall below zero. In this sce-
nario, the effectiveness of radio AGN in suppressing capliows
is greatest at late times and for large values of the BH masishw
is required to successfully reproduce the luminositiegus and
clustering of low-redshift bright galaxies.

2.3.2 The ‘quasar mode’

In our model BHs accrete mass after a galaxy merger bothghrou
coalescence with another BH and by accreting cold gas, the la

ter being the dominant accretion mechanism. For simpititg

BH coalescence is modelled as a direct sum of the progeni-
tor masses, thus ignoring gravitational wave losses. Wwollp
Kauffmann & Haehnelt (2000), we assume that the gas mass ac-
creted during a merger is proportional to the total cold gassn
present, but with an efficiency which is lower for smaller mags-
tems and for unequal mergers:

fBr Meold
AMgh.o = BH =0 12
BHQ ™ 11 (280kms1/Vy;)2’ (12)
where
fon = fBH (Msat/Meentral (13)

and fgy = 0.03 is chosen to reproduce the observed |ddgl; —
Mpuige relation. Thus, any merger-induced perturbation to the gas
disk (which might come from a bar instability or a mergertindd
starburst) can in principle drive gas onto the central BHwEler,

the fractional contribution of minor mergers is typicallyitgg small,

so that accretion driven by major mergers is the dominantenodd
BH growth in our scenario. This kind of accretion, which wdl ca
guasar modgis also closely associated with starbursts, which occur
concurrently. We do not model feedback from the quasaritctiv

the current model, but it can be approximately represenyednb
enhanced effective feedback efficiency for the supernosaeci
ated with the intense starburst.

2.3.3 AGN luminosity

The output of the model summarized hitherto, callbdLu-
cia2006a catalogue (De Lucia & Blaizot 12007), is publicly
available at http://www.mpa-garching.mpg.de/millenmiu
(Lemson & Virgo Consortium/| 2006). In this default model,
for simplicity, the BH mass accretion triggered by each raeig
implemented as an instantaneous event and the BH seed masses
are set equal to zero.

In order to study the evolution of AGN inside this

cosmological framework, we improve the original model of
De Lucia & Blaizot (2007) by adding new semi-analytical pre-
scriptions to describe the BH mass accretion rate durindy eac
merger event in thquasar modeand its conversion into radiation.
In this implementation, BHs do not accrete mass instantasigo
Instead, the accretion is coupled to the light curve modeptati.
If a galaxy undergoes a merger while the central BH is stitret:
ing mass from a previous merger, the cold gas still to be textiie
added to the new gas reservoir, and the accretion re-statts the
new physical conditions. In SeEf_3.11.4 we show that the Bifirsg
relations are weakly affected by this change. We use theviiallg
definitions to parameterize the bolometric luminosity eeatby
accretion onto BHs, as a function of thecretion efficiencye, and
the Eddington factor feqq(t) := Lpol(t) /Ledd(t),

€

Lpol(t) = EMBH(UCZ
= feddt)Lead(t) = feda(t) Mt?;'jjst) <
dt

— dInMgy () = (14)

tef(t) 7
whereLgqq is the Eddington luminosityiggg = orc/(4mmpG) ~
0.45Gyr andf(t) = 15 fEtjgg’t) is the e-folding timetgs = tsaipeter
if fega=1).

No strong observational constraints are available&f@nd
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Figure 1. The time evolution offgqq (top panel) Mgy (central panel) and
Lpol (bottom panel) for our three lightcurve modelgi§lue solid lines)]l
(red short-dashed lines) atitl (green lines)), for an illustrative case of a BH
of massMgy = 10’M,, accreting a mas&Mpy o = 5x 10°My, starting at
z= 3. The three green curves, showing our mdtlelhave been obtained
by setting# = 0.5 (short dashed),.® (dotted-long dashed) and0(short
dashed-long dashed).

feqqs the parameters that regulate the BHs powering the AGN
and, more importantly, if and how they depend on redshift, BH

dividual quasar events, we consider instead three diff@mscrip-
tions:

e |: fggg=1, the simplest possible assumption. Here the quasar
is either ‘on’ at its maximum Eddington luminosity, or ‘off’
o |l:

_ | feddo z>3
Tead(®) = { feado-[(1+2)/4** z<3

with fegqo = 0.3, as suggested by Shankar etlal. (2004) to match
the BH mass function derived from a deconvolution of the AGN
luminosity function and the local BH mass function.

e lll: based on the analysis of self-consistent hydrodynamical
simulations of galaxy mergers, Hopkins et al. (Z005) natiteat
the light curves of active BHs are complex, showing periofls o
rapid accretion after “first passage” of the merging galsxfel-
lowed by a long-lasting quiescent phase, then a transitioa t
highly luminous, peaked quasar phase, finally a fading awagrw
quasar feedback expels gas from the remnant’s centre inf-a sel
regulated mechanism after the BH reaches a critical maspite
of this complexity, as a first order approximation, the tgpievo-
lution of an active BH can be simply described as a two-stage p
cess of a rapid, Eddington-limited growth up to a peak BH mass
preceeded and followed by a much longer quiescent phase with
lower Eddington ratios. In this latter phase, the average spent
by AGN per logarithmic luminosity interval can be approxied
as (Hopkins et al. 2005)

dt Lbol(t) \ *

——— =|alte :

dinLpg (lOgL@)
where tg = to(L’ > 10°L.) andtg(L’ > L) is the total AGN
lifetime above a given luminosity; tg ~ 10°yr over the range
10°Le < Lpo) < Lpeak In the range 8L < Lpeax S 1010,
Hopkins et al.|(2005) found that is a function of only the AGN
luminosity at the peak of its activity,peax given bya = —0.95+
0.32109(Lpeak/10*L ), with o = —0.2 (the approximate slope of
the Eddington-limited case) as an upper limit. We here prtr
the Hopkins model as describing primarily the decline pluisbe
quasar activity, after the black hole has grown at the Eddimgate
to a peak mas®lgy peak= MaH (tin) + 7 -AMpH,g- (1—¢€), where
MgH (tin) is the initial BH mass andiMgH g is the fraction of cold
gas mass accreted. Hereis an additional free parameter, in the
range 0< 7 < 1. ForF =1 the BH emits at the Eddington rate. In
the opposite limit § = 0) the AGN reaches instantaneously a peak
luminosity, and the whole light curve is described by equra{l8).
We found thatr = 0.7 is the value that best matches the AGN lu-
minosity function. We note that this interpretation of theghRins
model is plausible but not unique, as part of the time desdriy
equation [(IB) could also be associated with the rising e
lightcurve.

From equation[(116) and with the following definition

(15)

(16)

masses, AGN luminosities and so on. However, some observa-e can derive:

tions atz ~ 0 indicate that M4 < € < 0.16 and 0l < fgqq <
1.7 (Marconi et all 2004). Furthermore, it has been suggesizd t

feqg may depends on redshift (Shankar et al. 2004) and BH mass

(Netzer & Trakhtenbrat 2007). In this paper, for simplicitye do
not follow the evolution of the BH spins (see, €.9. Volongdral.
2007, and references therein) and we take a constant maaa val
for the accretion efficiency af = (¢) = 0.1 at all redshifts.

For feqq, Which determines the lightcurves associated with in-

- Lpol(t Leqq(t
Feanlt) 1= 200 _ gy S0 17)
Lpeak Lpeak
dfead(t) _  fEad () ( Lpeak )~ a8)
dt atg 1Cp|_@ ’

I—peak ot ve
= fead(t) = | 2 +( ) —| . 19
Edd(t) { esdo "\ L. ) %o 19)

Here we neglected the absolute valuggfresent in equatioif (16),
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Figure 2. Starting from the upper left panel down to the bottom righe,cstaling relations between the masses of the central Bthg isimulated galaxies
with six different properties of their hosts: the K- and Baldldbulge magnitude (top left and right panels, respectjyéhe bulge velocity dispersion and mass
(central left and right panels, respectively), the circutglocity of the galaxy (bottom left panel) and the virial saf the DM halo (bottom right panel). Blue
dots represent the outputs of tbelLucia2006a catalogyegrey and yellow shaded areas show the best fit to the moddicpoms and to the observational
datasets, respectively. Starting from the upper left pdoeh to the lower right, the yellow shaded areas refer to #st-fit relations obtained by Marconi et al.
(2004 (the upper two panels of the plot), Ferrarese &|Fo@@%2, Haring & Rix (2004), Baes etlal. (2003) and, in the lowght panel, the four curves show
the equations 4 (cyan), 6 (green) and 7 (magenta) of Feeré2€82) and the results lof Baes €t al. (2003) (red).

for the purpose of havinngdd(t) a decreasing function of time.  equation [[ZD) we sefEddo = 1 for continuity. We also impose
Finally, from equationd (14){17) and {19), we have: fegd= 10~3 as lower limit for the Eddington factor.

MgH(t) = MBH peak+ % [(1+CI)B - 1] , (20) Figure[d shows the evolution digq(t) (top panel) Mgy (t)
(central panel) andlpg(t) (bottom panel) for an illustrative case
of a BH of Mgy = 10°M,, accreting a masMacer= 5 x 10BMo,
starting atz = 3, in the three prescriptions considered. The three

whereA — 1-eMenpeak g 1 4 9 ¢ _ ( Loea "1 16 derive
€ teqqa a ’ lOBLm to"
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Relation Normalizationd) Slope @) Scatter  Scatt@§rected
log(MgH) — Mk -4.37(0.24) -0.52(0.01)  0.68 0.53
log(MgH) — Mg -0.61(0.17) -0.43(0.01)  0.62 0.53

log(Mgn) —log(ac) -0.26(0.16) 3.82(0.08) 0.42 0.28
log(Mgn) — log(Mbuige) -2.39(0.19) 0.96(0.02) 0.58 0.50
log(Mgn) — log(Ve) -1.61(0.18) 4.05(0.09) 0.45
log(Mgn) — log(Mpm ) -8.61(0.42) 1.35(0.04) 0.50

Table 1. Parameters of the linear fits to the scaling relations shovfigure2. A correlation of the form= a + B-x has been assumed for all relations. The
uncertainties in the normalizations and in the slopes ave/slin parentheses. For details about the computation @tager and the Scattgfectedsee Sect.

B1.

Relation a B y Scatter
log(Mgn) — Mk 17.29(0.10) 1.25(0.01) 0.04(0.01)  0.51
log(Mgn) — Mk 9.81(0.03)  0.63(0.01) 0.03(0.01)  0.47

log(Mgh) —log(Mpuige) ~ 14.16(0.07)  -2.21(0.01)  0.15(0.01)  0.44

Table 2. Parameters of the fits to the scaling relations shown in E[uA correlation of the forry = a + - x+ Y- x? has been assumed for all three relations.
The uncertainties in the parameters are shown in paremsthEsedetails about the computation of the Scatter see[Séct.

green curves refer to lightcurve mod#l, in which we setr = 0.5
(short dashed)= 0.7 (dot-long dashed) ang 0.9 (short dashed-
long dashed).

Due to the present uncertainties concerning the origin of
the BH seeds and their mass distribution, we assMBg seed=
10°M, for all seed BHs, irrespective of their halo host properties
and their origin. Our results are robust with respect tollgothe-
sis since, as we have verified, they are basically unaffdnteery-
ing Mg seedin the rangg10? — 10°]Mg, atz < 3. More significant
differences occur at higher redshifts, which we will invgate in
detail in future work.

The main parameters of our model are listed in Ta-
ble 1 of |Croton et al. | (2006), with the exception of, as in
De Lucia & Blaizot (2007), the values for the quiescent hat B&
accretion ratekacn (defined in sectiof 2.3.1), the star formation
efficiencyasr of equation[(b), and the instantaneous recycled frac-
tion of star formation to the cold disR, which we set equal t0.83
(see Section 3.9 of Croton et al. 2006).

3 MODELSVS. OBSERVATIONS
3.1 TheBH scalingrelations

Several observational evidences indicate that the mates BHs
hosted at the centres of galaxies strongly correlate wiflerént

properties of their host bulges and DM haloes. In this sectie

compare the most recently observed BH scaling relatiozs-ad

with the predictions of the original model of De Lucia & Blaiz
(200Q7), i.e. the predictions we obtain when assuming itateous
mass accretion. We explore the effect of specifying the raesse-
tion rate at the end of this section.

3.1.1 One-parameter relations

bulge magnitude (i and M), the bulge mass and velocity dis-
persion (Myige @andac), the circular velocity of the galaxy and the
virial mass of the DM halo (Yand Mpy). The blue dots represent
the outputs of the model, while grey and yellow shaded arfeas s
linear best fits to the model predictions and to the obsamati
datasets, respectively.

The dots in the plot refer to the population of BHs hosted in
the central galaxies of FOF groups, or subhalos. We do nhtdec
those in satellite galaxies since in this case the host piiepean-
not be determined accurately. The data we have considezethar
Mgy — Mg and Mgy — M relations of Marconi et all (2004) (top
panels) the My — o¢ relation of_ Ferrarese & Fard (2005) (central
left) the Mgy — Myyige relation oflHaring & Rix (2004) (central
right) and the My — V. relation of Baes et al. (2003) (bottom left).
No direct observational estimate is available for thgdM- Mpwm
relation shown in the bottom right panel. The curves shown in
this panel have been derived using different assumptionshto
Mpwm — V¢ relation. In particular, the cyan, green and magenta lines
correspond to equations (4), (6) and (7). of Ferrarese (20@#)e
the red curve is taken from Baes et al. (2003).

Model predictions for ¥ ando have been obtained by adopt-
ing two different assumptions: i) &= Vmax, Where \fhax is the
maximum rotational velocity of the subhalo hosting the gglat
its centre, and ii) ¥ = 1.8V,;; as derived by Seljak (2002). The
bulge velocity dispersiona. is derived from the ¥ — o relation of
Baes et &l..(2003). In the bottom panels, the grey areasspumel
to a circular velocity obtained through hypothesis i) wiiile green
ones, in better agreement with the data, assume hypotResis i

The linear fit to the model data has been obtained using the
bisector modification to the ordinary least squares miratidn
approach, proposed by Akritas & Bershady (1996), for whiah t
best-fit results correspond to the bisection of those obthfrom
minimizations in the vertical and horizontal directionfi€lestima-
tor is robust and has the advantage of taking into accourppdbe
sible intrinsic scatter in the relation. The values of thstlfie slope

In Figure[2, we show the correlation between the masses of theand the normalization are listed in Table 1 along with thetteca

model BHs with six properties of their hosts, the K- and Bdban

around the best fitting line. The uncertainties of the begtitim-
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eters, also reported in the table, have been obtained bysimgpo
2
Xdos. = 1.

As can be seen in Figufé 2, the best fits to the model agree

well with that to the data, within the scatter. We note thatall
relations plotted, the scatter in the model is larger tha i the
real data and also larger than the internal scatter obsensahilar
relations obtained from the recent hydrodynamical sinmueat of
galaxy mergers (see elg. Hopkins et al. 2007a). However,ave n
tice that a large fraction of our model BHs are found in lowssa
systems for which the scatter in the scaling relation isda@n
the contrary, in the real datasets (and hydro-simulatithesinajor-
ity of BHs belong to massive galaxies for which, accordingto
model, the scatter in the scaling relation is significanthaier. To
investigate whether the difference in the intrinsic scateaeal or

is induced by a different sampling of the BH population, facle
BH scaling relation we have discretized the range of the rokse
host galaxy properties in finite bins and generated 500 anipkes
by randomly extractindNops(Ax) model BHs from the parent cat-
alogue, wheréNyps(Ax ) is the number of BHs in the real dataset
in each binAx. We have repeated the same fitting procedure in the
500 sub-samples and found that the scatter is significamtlyaed

in this exercise, as indicated in the last column of Tabldat lists
the average scatter in the sub-catalogues. Therefore,ittmatch

in the scatter results from sampling different BH populasicsmall
objects in the model, massive objects in the observatiormeM
over, for the My — O¢ relation the scatter is very close to 0.21,
which is the value measured by Hopkins €tlal. (2007a) bothen t
observed and simulated data.

3.1.2 Non-linear fits

The agreement between model and data is satisfactory. Howev
we need to keep in mind that the model predictions\grand

oc and the observed relation between (lig) and lodMpy)
have been obtained assuming further theoretical hypah&sm-
sequently, the more constraining and reliable relatioasts ones

1010
~ 10°
=
~ 108
5
= 107
108 By
1010
> 109
=
~ 108 .
% . -
=107 usiee
106 ;" : Av"“”""‘ o B o . o
—-16 —-18 -20 —22
My (mag)
>
2
S
=

between the BH masses and the bulge magnitudes and masses. Fo

cusing on these relations and thanks to the huge number ofimod 108 102 10! 10!t 1012
BHs, we have been able to investigate whether a non-linear fit M (M)
provides a better match to the data. We find that the best fit is a bulge 2770

quadratic functiony = o 4 - x+ y- x2. Figure[3 shows this fit
(heavy green lines), together with the medians, the firsttaind
quartiles (black points with error bars) of the model outmam-
puted in a discrete number of bins. The internal scattergisifsi
cantly smaller than in the linear fit case. The values of tst fie
parameters are reported in Table 2. While we predict, onagegr
too low BH masses for a fixeMpg with respect to the observa-
tions (still consistent within the errors) the model pré¢idics are
in very good agreement with the data for the(ligy) — Mk and
log(MgH) — 10g(Mpuige) relations. Interestingly, the 3-parameters
fit of the latter relation is in excellent agreement with time dound
byWyithe (2005) (magenta solid line in lower panel of Fig@je

3.1.3 The fundamental plane relation

In Figure[4 we compare the BH fundamental plane relation of ou
model at different redshifts with that obtained |by Hopkihgle
(2007a) using both observational data and the outputs afohyd
dynamical simulations of galaxy mergers:

log(MgH /M) = 7.93+0.72log(M1;) + 1.4l0g(0200),

Figure 3. The tree model scaling relations best constrained by oaserv
tions. Here the black dots (with error bars) represent thdiams (and the
corresponding first and third quartiles) of the model owtpabmputed in

a discrete number of bins. The green lines show the best-faieeneters
fits to the model outputs (blue points). The magenta line énldkver panel
refers to the best-fit relation obtained|by Wyithe (2006).

whereM], is the galaxy stellar mass in units of i, andoogg

is the bulge velocity dispersion in units of 200 lsn!. The red
lines, bisectors of the plots, show the fundamental platsioa
proposed by Hopkins etlal. (2007a). Model prediction areeep
sented by blue dots, the black line is the best fit to the moaie! a
the shaded area it@kcatter. At low redshifts the agreement is very
good. This is not surprising since at- 0 our model agrees with
the Mgy — Mpuige and Mgy — O¢ scaling relations that represent
fundamental plane projections. A discrepancy appearsgyatreid-
shifts. However, az > 3 the fit involves only few objects and there-
fore may not be very significant, especially when we accoant f
the non-zero intrinsic scatter in the fundamental plan@gsed by
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Figure 4. The BH fundamental plane in the redshift range € z < 5. The blue dots are the model outputs, while the grey shaded ahow the best-fits to
them. The red lines, corresponding to the bisectors of this phre the predictions of Hopkins er al. (2007a). The gedagllar massMj,, is given in units of
10MM,,, while the bulge velocity dispersiomyg, is in units of 200 kns 1.

Hopkins et al.|(2007a). A remarkable success of our moddélast  3.1.4 Dependence on the accretion history
it predicts very little evolution of the fundamental plaraation,
at least out t@ = 3, in agreement with Hopkins etlal. (2007a). The

intrinsic scatter, which does not evolve with time either3itimes All scaling relations predicted by our model assume that BEls
larger than in_Hopkins et al. (2007a) (we found a value ardufd crete mass instantaneously after merging events. Whaehapp
at all redshifts, while the one reported by Hopkins et al02g is we relax this assumption and specify the mass accretionimate

about 02). As discussed previously, the mismatch is reduced when stead? FigurE]l5 shows the impact of adopting different docre

using a number of model BHs consistent with the observed one.  recipes on the My — Mpyge relation. As usual, filled dots repre-
sent model predictions, grey shaded areas show the lingautfie
DelLucia2006amodel scaling relation and the other hatched areas
indicate the linear fit to the model predictions obtainechvatr
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Figure5. The logMgH) —log(Mpuige) scaling relation for our different pre-
scriptions for the BH mass accretion. The filled dots repres®del predic-
tions, the grey shaded areas show the linear fit tdtbleucia2006anodel
scaling relation and the other hatched areas indicate rilearlifit to thel,

Il andlll lightcurve models, as indicated by the labels. The black datl
grey shaded areas, in the lower right panel, show the piedicbtained
with the parameterization given by the equatidng (21), ata@med in Sec-
tion[33.

different recipes, as indicated by the IaEeEIearly, these predic-
tions depend little on the assumed mass accretion hisforiesach
individual quasar event (the fit parameters have fluctuatadimo

more than about 1%). This is a consequence of the fact that the

BH scaling relations depend mainly on the total mass aatyeatel
very little on the time spent in the accretion process. Weheyi-
fied that all other scaling relations, including also thedamental
plane relation, does not change significantly by adoptirygodithe
mass accretion prescriptions described in Se€fion]2.3.3.

3.2 TheBH massfunction

The BH mass function (MF) is defined as the differential co-
moving number density of BHs as a function of their mass. In

Figure[6, we compare the BH MF predicted by our model for the

prescriptiond (blue line),1l (red) andlll (green) with those ob-
served by Shankar etlal. (2004) (grey area) and by Shank@v (20
in preparation) (yellow area) at- 0. In neither case the BH masses
were determined directly: Shankar et al. (2004) derive tHeniass
from the observed My — Lpyige relation while Shankar (2007)
use the My — o¢ relation of| Tundo et al.| (2007). We note that

the model BH MF is in good agreement with the observed ones

within the mass range accessible to observations exepe imtér-
val ~ 10’ — 10°M,, in which the number density of model BHs is
smaller than the observed one.

—2 | z~0 ]
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— T
e |

O
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S |
—~
o |
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= | —— Shankar 2007 i
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Figure 6. Comparison of the BH mass function predicted by lightcurve
modelsl, Il andlll with the one observationally derived by Shankar et al.
(2004, and with the new one obtained by Shankar (2007, ipgpedion)
using theMgy — o relation by Tundo et all (2007). The grey areas show the
prediction obtained with the parameterization given byehaations[{21),

as explained in Sectidn 3.3.

the model BH MFs will be investigated in a forthcoming paper i
which we study the redshift evolution of the BH MF and its depe
dency on the properties of the host galaxy. Finally, we nod¢, as
shown in Figuré, the model predictions for the BH MF are ro-
bust with respect to the prescription adopted for the maggton
history of the individual quasar episodes.

3.3 TheAGN bolometric luminosity function

The luminosity function (LF) of AGN, namely the derivativé o
their co-moving number density with respect to luminosigp-
resents a unique tool to understand their cosmologicalugool.
Semi-analytic models predict the total (bolometric) luosity of
a statistically complete AGN catalogue, and to compare inode
LFs with observations we need to specify a bolometric cerrec
tion, i.e. how to convert the luminosities observed in aipalar
band into bolometric ones (Elvis et al. 1994; Marconi et 804,
Hopkins et all. 2006). Another correction is required to actdor
possible incompleteness effects (seele.g. Comastri 20DdetGl.
2007), which includes the possible existence of a populaifamb-
scured AGN whose fraction may depend on the wavelength band
and redshift(Elvis et al. 1994; Marconi etlal. 2004; La Feagtal.
2005 Lamastra et al. 2006).

Here we compare our predictions with the bolometric LF
obtained byl Hopkins et al| (2007) from the LFs observed in

' different bands: radio (see e.g. Nagar etal. 2005), opijseé

e.g. | Kennefick et al. 1995; Schmidt et al. 1995; Koehler et al.
1997; | Grazian et al. _2000; Fan et al. 2001; Wolf etlal. 2003;
Hunt et al. | 2004; | Cristiani etal.. 2004, Croom et al. 2005;

The reason of the small mismatch between the observed amdFeichards et al. 2005, 2006; Siana €l al. 2006; Fontanot [20al’;

1 The meaning of the black dots and shaded areas in the bottbpatel
of Fig. 5 is discussed in Sectign B.3.

Shankar & Mathur_2007;_Bongiorno et al. 2007), infra-rede(se
e.g..Brown et al. 2006; Matute etlal. 2006; Babbedge let aleé 00
soft X-ray (see e.g._Miyaiji etal. 2000, 2001; Silverman et al
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Figure 7. The bolometric LFs predicted by our lightcurve mode(blue bands)|l (red bands) andll (green bands), in the redshift rangd & z <5, are
here compared with the best-fits to observational data rdxdaby Hopkins et all (2007) (yellow bands). The grey areasvghe predictions obtained with
the parameterization given by the equatidnd (21), as exgdain Sectiofi_3]3. Uncertainties in the model LFs are coatpby assuming Poisson statistics.
The dashed vertical green lines mark the range of the botaeininosities accessible to observations. The dottedvestical lines show the luminosities
beyond which the LF of Hopkins etlal. (2007) predicts a nundf&GN in the whole volume of our simulation smaller than 10€Tvertical grey dotted lines
around the red ones have been calculated considering tirarethe best-fit of Hopkins et al. (2007).

2005b;| Hasinger et al. 2005), hard X-ray (see e.g. Bargdr eta The model predictions are also represented by areas withratit
2003; |Uedaetal. | 2003;| Bargeretal. 2003;. Nandraletal. colours, with a width corresponding too1Poisson error bars.
200%; |Sazonov & Revnivtsevi 2004;__Silverman et al. 2005a; The vertical, green dashed lines bracket the bolometriériasity

La Franca et al.| 2005| Shinozaki et al. 2006; Beckmanniet al. range accessible to observations. The vertical, red ddites
2006), and from emission lines (see e.g. Hao et al.|2005)etdnc  show the luminosities beyond which the LF lof Hopkins et al.
tainties in these corrections contribute to the scattdrerobserved (2007) predicts less than 10 AGN in the volume of our simalati
LF, i.e. to the width of the yellow areas in Figurke 7 that shbw t i.e. the maximum luminosities at which our model BH sample
AGN bolometric LF of Hopkins et all (2007) at different reifth
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is statistically meaningful; & uncertainties on this maximum
luminosity are represented by the two grey dotted lines.

From FigurdV we see that, on average, tyfightcurve un-
derestimates the AGN number density at all epochs. However,
while at high redshifts the model matches the faint-end efltR
and underpredicts the number density of the bright objéugssit-
uation is completely reversed at- 0, where the model correctly
reproduces the number density of bright AGN but undereséma
the faint ones. At low redshifts the problem can be alledidtg re-
ducing the Eddington factor, as in our typdightcurve. However,
in this case the discrepancy between model and data at high re
shifts increases. Adopting the typik-lightcurve allows to match
observations in the whole range of luminaosities in the rétisdnge
0.5 < z< 1, but overestimates the number of luminous AGN at
z< 0.5 and underestimates themzat 1.

Therefore, we conclude that in our present semi-analytical
framework we can reproduce the observed AGN LF at low and in-
termediate redshifts. However,a¥, 1, we under-predict the num-
ber density of bright AGN, regardless of the BH mass acanetio
rate and light curve model assumed for each quasar episodie: T
vestigate if it is possible to modify our prescription foetmass
accretion to fit the AGN LF at all redshifts, we tried diffetesml-
ues of fggq ande as a function ot and Mgy, within physically
motivated ranges. Despite of the considerable freedomadnsihg
feqd(t,MpH) we failed to find a model able to match simultane-
ously the observed BH scaling relations, the BH MF, and th&lAG
LF, especially at high redshifts. We also used differentigilale
values for the BH seed mass, and we still were not able to fit the
high-z LF. We interpret this failure as an indication that theo-
retical framework itself is inadequate to account fully sessfully
for the AGN phenomenon.

One possible way out is to modify the model assumptions for
the efficiency of BH growth in thgquasar moddollowing mergers
at high z. A significant improvement of our results at highstatts
can for example be obtained by substituting equafioh (1&)&8)
with

{ (21)

while keeping prescriptiofil for the quasar lightcurves. The pre-
dictions of this new model for the I¢¥lgH ) — log(Mpuige) Scaling
relation is shown as black dots in the bottom-right plot of.H.
Model predictions for the BH MF and AGN LF are shown in Fig-
ures[6 and]7, respectively. An accretion efficiency thatdases
with the redshift has been already advocated in diggamical
modelof|Croton (2006). A physical justification to this assumptio
is provided by Mo et al.| (1998). Indeed, their model predtbist
galactic disks were more centrally concentrated in the, paaiting

it more efficient the BH feeding at high redshift. It is wortiness-
ing that equation[{21) might not provide the best fit to theadst
we did not explore the parameter space systematically. kenyvié
suggests that a good match to the observed scaling relaBths
MF and AGN LFs can be obtained within our semi-analytic frame
work by modest changes of the BH growth at high redshifts. The
solution provided by equatioh (P1) is not unique eitherceitarger
amounts of mass can be accreted also by invoking altermatoh-
anisms that trigger gas accretion episodes, for exampletylar
evolution through disk instabilities, or by alluding to ayjher gas
cooling efficiency (see e.g. Viola etlal. 2007).

fBH =0.01- IOg (l’gl?\;l‘r-a

AMBH,Q =0.01- Meold

+1> -z 7> 15andVigy > 10°M.,
z>6

4 CONCLUSIONS

In this paper we have used and extended a semi-analytic rfardel
the co-evolution of galaxies and their central BHs, devetbpn the
outputs of the Millennium Simulation (Springel ef al. 200&hd
described in detail in Croton etlal. (2006) and De Lucia & Btai
(2007). The aim of the model is to reproduce the observedgprop
ties of BHs, AGN and their galaxy hosts. The physical assionpt

in the model with respect to BH growth can be divided into two
sets. The first one concerns the mass accretion history afetfre
tral BHs in halos, where we distinguish betweadio modeand
guasar mode€(Croton et all 2006). This set makes predictions for
the relation between BH and galaxy host properties, whichbza
compared to the observed scaling relations between BH nmaks a
different properties of their host galaxies. The secondo§etre-
scriptions specifies the detailed AGN activity and lighteuof in-
dividual quasar episodes, and leads to predictions for tAls AF

as a function of redshift. We considered three different e®dor
this detailed AGN activity, one of them motivated by the tesaf
recent hydrodynamical simulations of galaxy mergers theluide
BH growth and feedback (Hopkins et al. 2005; Di Matteo ét al.
2005 Springel et al. 2005).

The main results of our analysis are as follows:

(i) The semi-analytic model is approximately able to repro-
duce the observed BH scaling relations over the whole rafige o
BH masses and galaxy properties probed by observationsinThe
trinsic scatter in the model is significantly larger thanhe tata,

a mismatch that can in part be accounted for by adopting the ob
servational selection criteria to obtain a mock BH catatogiith
similar characteristics as the observed one.

(ii) We find evidence that a quadratic relationship provides a
significantly better fit to some of the model scaling relasioips
than a linear one, as already noticed by Wyithe (2006).

(iif) Our model also matches the BH fundamental plane re-
lation derived by Hopkins et al. (2007a), and successfuigdigts
very little evolution of this plane, at least outze- 3.

(iv) The model BH mass function is in good agreement with
the observed one within the mass range accessible by olises/a
except on the range 10’ — 10°M,, in which the number density
predicted by the model is smaller than the observed one.

(v) Model predictions for the BH mass function, scaling rela-
tions and fundamental plane relation are basically untfteahen
using different prescriptions for the AGN lightcurves oflividual
guasar events. This is because these predictions are arditige
to the model assumptions for the absolute growth of the BHs in
each merger event.

(vi) The AGN LF is systematically underestimated by as-
suming that BHs accrete mass with a constant Eddingtonrfacto
feqg= 1. The detail of the discrepancy, however, change with red-
shift since at higlz the model matches the faint-end of the LF but
underpredicts the number density of the brightest objectsle
the situation is reversed at~ 0, in agreement with the results of
several semi-analytic models (see, 2.9. Marulli €t al. 266d ref-
erences therein). Reducing the Eddington ratio, as in ghtdurve
modelll, alleviates the faint-end mismatch but amplifies the bright
end discrepancy at high redshifts. A significant improvena¢iow
redshifts is obtained when the Eddington-limited growtithef BH
is followed by a long quiescent phase with lower Eddington ra
tios, as suggested by Hopkins et al. (2005) and implementedri
lightcurve modelll. In this case our model is able to match the ob-
served AGN LF in the interval.@ < z < 1, over the whole range of
luminosities that are accessible to observations and wherpre-
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dictions are statistically significant. However, our prted number
density of bright AGN is still biased low &> 1.

(vii) Our model is able to account for all observations consid-
ered in this work apart for the AGN LF at high redshifts. We &ver
not able to eliminate this mismatch by simply modifying tloerz-
tion efficiency,g, the Eddington factorfgqyq, or the BH seed mass
(when considered in physically plausible ranges). Clearé/need
to modify assumptions in the underlying semi-analytic feswark
for BH growth. A simple,ad hocincrease of the mass fraction ac-
creted during thguasar modet high redshift can indeed remedy
the problem. However, this solution is not unique as sevsgsl-
redshift modifications to the original model, like new megisans
that trigger BH activity in addition to galaxy merging or neceffi-
cient gas cooling resulting in a larger reservoir of cold, gas be
advocated to bring the predictions in line with observatiddow-
ever, it remains to be seen whether any of these alternasipéys-
ically plausible.

(viii) Our model predictions at < 3 are robust to changes in
the assumed BH seed mass, but are sensitive to it at largghifted
We will further explore this issue in a subsequent paper e/er
plan to study to what extent current observations can cainstine
seed BH mass function.

From our analysis we conclude that the AGN LF at high red-
shifts constitutes a strong constraint for semi-analytadleis that
describe the co-evolution of galaxies, BHs and AGN. This-sug
gests that significant improvements can be obtained in tweswa
From the theoretical side, we need to develop a physically mo
tivated mechanism capable of increasing the number depsity
bright AGN atz > 1 without modifying the model predictions at
low redshifts. From the observational point of view, we neéed
improve the AGN LF estimates at high redshift, both by entagg
current highz AGN samples and by reducing the current uncertain-
ties originating from bolometric and incompleteness adioas, in
particular for the population of Compton Thick AGN. In addlit,
other observational tests should be performed, like thityloif
our model to match the observed AGN clustering, as quantifjed
the angular and spatial two-point correlations functionpérticu-
lar,|Lidz et al. (2006) pointed out that the luminosity degemce
of quasar clustering can discriminate between differagittiiurve
models, a question we will address in a forthcoming work.
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