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Zusammenfassung

Es ist heute weithin akzeptiert, dass supermassive schwaibzher bei der Entstehung und
Entwicklung von Galaxien eine wichtige Rolle spielen. Supessive schwarze Locher haben
Massen zwischen £ound 10 Sonnenmassen, und Beobachtungen in den letzten Jahmzehnte
haben Hinweise darauf geliefert, dass jede Galaxie in ihi#&mtrum ein solches Objekt
beherbergt. Der gravitative Einfluss supermassiver saexdrocher ist eng auf das galaktische
Zentrum beschrankt. Dennoch kann es die dynamische 8tralds ganzen Sternensystems
stark beeinflussen. Schwarze Locher akkretieren Gas werdeStdie in das galaktische Zentrum
fallen. Wahrend dieses Prozesses wird ein Teil der Gramitsenergie des einfallenden Materials
effizient in Strahlung umgewandelt, und es treten hochensdjeti Phanomene wie Jets und
Winde auf. Diese Strahlung kann die aussersten RandgetéetGalaxie erreichen, und dadurch
deren physikalische Eigenschaften Uber einen weiteni@exk®n Langenskalen stark verandern.
Zwischen der Masse der zentralen schwarzen Locher und dgndehaften des Bulges der
Galaxien wurden in den letzten Jahren starke Korrelatiogrideckt. Fur eine vollstandige
Beschreibung der Galaxienentwicklung ist es daher esdlenti verstehen, wie sich Galaxien und
die von ihnen beherbergten schwarzen Locher gegenseitigar Entwicklung beeinflussen.

Quasare sind mit einer Leuchtkraft von maximal def*f@ichen der Leuchtkraft der Sonne
die hellsten Objekte am Himmel. Solche Helligkeiten eiitste wenn schwarze Locher pro
Jahr bis zu 100 Sonnenmassen akkretieren. Um auf die Akks=ticheibe des schwarzen Lochs
zu fallen, muss das Gas der Galaxie in die Nahe des Schvwddrsclius gelangen und daher
Drehimpuls verlieren, da der Schwarzschildradius um vi@élRenordnungen kleiner ist als die
typischen galaktischen Langenskalen. Welche physiktadis Prozesse solch einen hohen Verlust
an Drehimpuls herbeifiihren, und daher die Akkretion aiwdf siehwarze Loch auslosen konnen,
ist zur Zeit noch unklar. Verschmelzungen zweier Galaxiénrien sehr heftige Ereignisse sein:
Die gesamte Struktur der Galaxie kann zerstort werden, underische Simulationen haben
gezeigt, dass diese Prozesse Phasen intensiver Steshentstauslosen und grof3e Mengen an
Gas ins Zentrum der Galaxie treiben kdnnen. Zudem habeax{@al die aus solch einer
Verschmelzung hervorgehen, typischerweise eine elliptisMorphologie. Verschmelzungen von
Galaxien sind daher die wichtigsten Kandidaten fur dagiente Aktivieren von Quasaren und fur
die gleichzeitige Entstehung von Bulges.

Ziel dieser Arbeit ist, mit verschiedenen numerischen uatissischen Methoden die kosmo-
logische Entwicklung supermassiver schwarzer LocherdiadRolle von Galaxienverschmelzun-
gen fur das Auslosertiizienter Akkretion auf das schwarze Loch zu erforschen.

Im ersten Teil der Arbeit beschreiben wir das Modell fur &anentstehung, welches wir
in einem Grol3teil der vorliegenden Arbeit dazu verwender, Ehtstehung und Entwicklung
schwarzer Locher und ihrer Galaxien in Halos aus dunkletekia zu verfolgen. Dieses Modell
besteht aus so genannten ,,merger trees” dunkler Matesieiaar grof3en Simulation, welche mit
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Hilfe von analytischen Vorschriften mit Galaxien bevatkeerden. Dieser Ansatz erlaubt es, die
Entwicklung der Materiestrukturen im Universum in einerolggn, kosmologischen Volumen und
Uber lange Zeitraume hinweg zu simulieren, angefangdenemem sehr jungen Universum bis
hin zur heutigen Zeit. Das grol3e Volumen ist notwendig, une estatistische Analyse unserer
Zielobjekte durchfuihren zu kdnnen. Wir modellieren daascistum der schwarzen Locher, indem
wir annehmen, dass wahrend der Verschmelzung zweier @alafiziente Akkretion auf das
schwarze Loch stattfindet, welches dann als Quasar beabaeottden kann. In Kombination mit
Modellen fur die Lichtkurven einzelner Akkretionsereigge reproduzieren unsere Simulationen
die wichtigsten Eigenschaften, die fur die Populationem dchwarzen Locher und Quasare
beobachtet werden, als Funktion der Rotverschiebung. Nife Won Korrelationsfunktionen
untersuchen wir zudem die raumliche Verteilung unsereuberten Quasare und vergleichen diese
mit den neuesten Beobachtungsdaten.Ubrereinstimmung mit den Beobachtungen stellen wir
fest, dass sich die raumliche Korrelationsfunktion voragaren mit der Rotverschiebung in der
gleichen Weise entwickelt wie die der Halos. Dies deuteadfinin, dass sich helle Quasare immer
in Halos mit Massen von 8- 10'3h~1M,, befinden. Die gut&bereinstimmung zwischen unseren
Vorhersagen fur die Korrelationsfunktion von Quasared den Beobachtungsergebnissen sind
ein weiterer Hinweis darauf, dass die Verschmelzung voratah dfiziente Akkretion auf das
schwarze Loch auslost.

Dann untersuchen wir die statistische Relevanz des so geranmerger bias”, einedfektes,
der zu einer Fehlinterpretation der beobachteten Koroglstunktion der Quasare fuhren kann.
Wenn Quasare durch die Verschmelzung von Galaxien altivierden und wenn kirzlich
verschmolzene Objekte sich auf eine andere Weise verteilerandere Objecte von gleicher
Masse, dann eignet sich die Korrelationsfunktion nichtudadie Lebenszeit der Quasare oder
die Eigenschaften ihrer Halos, abzuleiten. Anhand derddilm Simulation haben wir die
Signifikanz dieses fEekts in kirzlich verschmolzenen Halos untersucht, undumsggefunden, dass
er vernachlassigt werden kann.

Im letzten Teil der Arbeit vergleichen wir die Entwicklunghsvarzer Loche und Quasare,
wie sie durch das oben eingefiihrte Modell beschrieben,wmitider in unseren kosmologischen
hydrodynamischen Simulationen.  Bei der Beschreibung debalen Eigenschaften der
massereichsten schwarzen Locher und Quasare im lokaleerndam stimmen beide Modelle gut
Uberein und reproduzieren die Beobachtungen. lhre Vedgen zur Entwicklung der schwarzen
Locher und Quasare mit der Rotverschiebung sind jedodit tederschiedlich. Daher konnte ein
Vergleich der Entwicklung individueller Objekte in beid&odellen Hinweise auf die Prozesse
liefern, die zur Akkretion auf das schwarze Loch und dammAufleuchten eines Quasars fuhren.



Summary

In the astrophysical community, it is now widely recognizbdt supermassive black holes have
a primary role in the formation and evolution of galaxies.p&unassive black holes have a mass
between 10 and 1@ times the mass of our Sun, and observations in the last cafplecades
have suggested that every galaxy hosts such an object iariterc The gravitational influence of
supermassive black holes is limited to the very nucleaioregf the galaxy, but it can still strongly
affect the dynamical structure of the whole stellar systeme hikngry monsters, black holes accrete
gas and stars that fall onto the galactic center. In thisge®ca fraction of the gravitational potential
energy of the infalling material igiciently converted into radiation, and very powerful pheeoisa
like jets and winds, take place. This radiation can reactvémg outer regions of the host galaxy,
whose physical properties across a large range of scaletheanget strongly modified. Tight
relations between the mass of the central black holes aneépres of the spheroidal component of
the host galaxies have been discovered in the last yearsgrandderstanding of how black holes
and their hosts influence each other in their evolution hag Imecome essential to obtain a clear
picture of galaxy formation.

Quasars are the brightest objects in the sky, with lumiressithat can reach 10 solar
luminosities. Such luminosities are explained by blacleb@ccreting tens of solar masses per year.
To fall onto the black hole accretion disk, any gas presettiéngalaxy has to lose enough angular
momentum to get close to the Schwarzschild radius, whichasynorders of magnitude smaller
than typical galactic scales. Which physical processealaeeto cause the loss of so much angular
momentum and therefore trigger black hole accretion, ligsti clear. Galaxy mergers can be very
violent events: the entire galaxy structure can be disdy@ted numerical simulations have shown
that these processes can trigger intense bursts of staatiormand channel a lot of gas towards the
nuclear regions. Moreover, merger remnants have typisaheroidal morphology. Mergers are
therefore the primary candidates both fffi@ent quasar triggering and the simultaneous formation
of spheroids.

The aim of this thesis is to useffiirent numerical methods and statistical tools to exploge th
cosmological evolution of supermassive black holes anddleeof mergers in triggeringficient
black hole accretion.

The first part of the thesis is devoted to the description efrttodel for galaxy formation that
we exploit in most of the presented work to follow the formatiand evolution of black holes
and their host galaxies within dark matter haloes: this rhodesists of dark matter merger trees
from a large cosmological simulation populated with ga¢axhrough analytical prescriptions. This
approach allows us to simulate the life of structures fromma when the Universe was very young
to the present epoch in large cosmological volumes, negeksaa statistical analysis of our target
classes of objects. We modeled the growth of black holes bynaisig that &icient black hole
accretion and quasar events take place during galaxy nser@aupled with models for the light
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curves associated with individual accretion events, anukitions are able to reproduce the most
important observed properties of the black hole and quasaulptions, as a function of redshift.
We also exploit clustering statistics to study the spatisirdbution of our simulated quasars and
compare it with the most recent observational data. In agee¢ with observations, we find that
quasar clustering evolves with redshift in the same way aschhistering of dark matter haloes,
suggesting that bright quasars are always hosted by halitesnass of 1& — 102h~M,. The
good agreement between our predictions for quasar clogtend the observational results gives
further support to the assumption of merger-drivéiicent black hole accretion.

We then explore the statistical importance raérger bias an dfect that could lead to a
misinterpretation of the observed quasar clustering. Hsaus are indeed triggered by merger
events, and if recently-merged objects cluster in feedént way than other objects of the same
mass, then clustering cannot be used to infer either theeptiep of the haloes hosting quasars or
the quasar lifetime. Using the Millennium Simulation, wezed the significance of thigtect in
recently merged dark matter haloes, and found that it iSgietg.

In the last part of the thesis, we compare the evolution otlblholes and quasars as
described with the model used in the first part of the thesid, as simulated with cosmological
hydrodynamical simulations. Looking at the global projgsrof the black holes and quasars, we
find that the two modeling procedures agree well with eackeroéimd with observations in the
description of the most massive objects in the local Uneerowever, the redshift evolution of the
black hole and quasar populations predicted by the two rsadejuite diferent, and an analysis
of the evolution of individual objects as simulated with tiwedo numerical methods may reveal
differences in the processes that lead to black hole accretibquasar triggering.



Chapter 1

Introduction

In this chapter we introduce the most important facts ralatie supermassive black hdieand
Active Galactic Nuclei. We start by discussing the obs@&mwal evidences for the existence of
supermassive black holes BLI. We then summarize the main properties of the black hole
population in§I.4 and of the Active Galactic Nuclei population§f.3. In§I.4 the link between
black holes and galaxies is described, and$fh3 the evolution of black holes is put inside a
cosmological framework. Finally, the outline of the thasipresented i{L8.

1.1 The Evidence for Supermassive Black Holes

In this section, we give a brief overview of the observatitired, in the last few decades, indicated
that nearly all nearby galaxies host at their center a supssive black hole.

1.1.1 Active Galactic Nuclei

At the beginning of the last century very bright objects veitéllar-like spectral features started to be
observed. Around the middle of the century, Carl SeyfertjsnworkNuclear emission from Spiral
Nebulaereported the results of the analysis of about ten spiralxgggavith a very strong stellar-
like nuclear emissior@HE%). The peculiarity &gl nuclei was the presence of emission
lines strongly broadened “presumably by Doppler motionaimpunts varying up to 8500 km's.
Seyfert also observed that “the maximum width of the Balnmaission lines seems to increase
with the absolute magnitude of the nucleus and with the ratithe light in the nucleus to the
total light of the nebula” and such broad lines were obsetedake typical only of spiral galaxies
with a strong nuclear emission. Galaxies with such feataresnow calledseyfert galaxigsand,
since Seyfert's observations, many othefeatient properties have been observed in galaxies with
strong nuclear emission (luminosities of active galaxas @ach 1 erg/s). The classification of
Active Galactic Nuclei (AGN) is now very complex and morealkston the peculiarities of tferent
classes of AGN are presentedfh.3. The point that we want to stress here is that the onlyilpless
explanation for the powerful emission coming from the nucfeactive galaxies is the presence of
an accreting massive black hole. The idea of black holegtibmengines of AGN was for the first

time suggested hy Salpeter (1964), Zel'Davich (1964) awed iyl L ynden-Belll(1969), who ruled

1Supermassive black holes are black holes with mass in tlge @il ¢ — 10° M. From now on, unless otherwise stated,
when referring to “black holes” (BHs), we will always refer supermassive black holes.
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out the hypothesis that powerful nuclear emission is duevieradense star cluster, and suggested
a model in which a massive black hole is the central engine.

AGN have thus been the first indirect evidence for black hole$0® — 10° M, residing in
galactic nuclei.

1.1.2 Supermassive black holes and their gravitational inflence

The mass of supermassive black holes is a very small fraofitime total mass of the galaxy they
reside in. Also, in terms of physical size, black holes areymarders of magnitudes smaller than
their host galaxy. The Schwarzschild radius of a black hbl&®M,, for example, is- 3x 108 km,
which is approximately 1® pc. As we have mentioned above and as further discussed in the
next sections, despite its small dimensions with respettiddiost galaxy, the luminosity emitted
by an accreting black hole can be higher than that of the gataelf, and this energetic output
can strongly influence its surroundings up to cluster sc@laadreds of kpc). The gravitational
influence of a black hole is, instead, very important in thetiad region of a galaxy, and itstects
provide some of the best evidence for the existence of sugs=ine black holes. The region around
a black hole that experiences the BH gravitational potéistidefined by the “radius of influence”,
given byr; = GMgn/0?, whereo, is the stellar velocity dispersion. For a black hole of M),
sitting in a galaxy witho, ~ 200 km s?, the radius of influence; is ~ 10 pc. Trajectories of
stars and gas clouds in the central region of a galaxy, if &&guh, indicate the presence of a
central potential generated by a “point-mass”. Searchesasf with such dynamical behaviour
have been successful starting from the e&80s, with the observations of the kinematics of stars,
gas clouds and masBraround the center of nearby galaxies, such as M31 and M32hgeeview

of Kormendyl 2004). The “massive-dark-object” around whithrs and gas orbit, has to be so
compact and massive, that black holes are the most plawsiplanation. Such black holes could
be the “quiet” or “dead” counterparts of the active blackesathat power AGN.

The beautiful case of Sagitarius A

The best up-to-date proof of the existence of supermass$ack iholes at the center of galaxies
comes from the observations of the nucleus of our own Galéxyhe last two decades, thanks
to infrared observations using interferometry and adaptptics, two independent groups led
respectively by Reinhard Genzel and Andrea Ghez, haveweliothe proper motion of a small
cluster of stars around Sgr'Aa compact radio source at the center of the Galaxy. Thelstamsry
close to the center, at distances of few hundred astronbomdtz, and their velocities are so high
that full orbits can be followed in a few years (see Fiduré).1The source of the strong gravitational
force that influences the motion of the surrounding starslessin such a small region that any
explanation other than a massive black hole can be safelyded. The most recent estimates of
the black hole mass point to 4 x 10° M,, (Gillessen et al. 2010), and the radio emission from Sgr
A* would come from the gas falling into the event horizon (é@enzel & Karas 2007).

2A maser(microwaveamplification bystimulatedemission ofradiation) is the light emission from clouds rich in moleaule
around young stars. The emission is coming from electramisuthdergo a downward transition to a lower energy state when
stimulated by photons with energy equal to the enerffgdince between the states.
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Figure 1.1:Orbits of stars observed around Sgi With the Keck telescope from the UCLA group (left
panel,.Ghez et al. 2005) and with the ESO Very Large Telesfrope the MPE collaboration (right
panel, Eisenhauer et Al. 2005).

1.1.3 Hypervelocity Stars

In his seminal paper from 1988, Hills writéa close but Newtonian encounter between a tightly
bound binary and d4° M, black hole causes one binary component to become bound htetie
hole and the other to be ejected at up4®00 km s!. The discovery of even one such hyper-
velocity star coming from the Galactic center would be neakkfinitive evidence for a massive
black hole” (@ ). Hills, for the first time, calculated which wioube the ejection speed
of one of the components of a stellar binary system thataeterwith a massive black hole in the
Galactic center. Depending on the mass of the stars, on tks ofathe black hole and on the
eccentricity of the binary, stars could reach up to few tlamals km st, which is much higher
than the escape velocity of the Galaxy. Hills pointed out tdiservations of such stars could be a
definite proof of the existence of a supermassive black foteeé Galaxyl Yu & Tremaime (2003)
analyzed also the possibility of hypervelocity stars frdra €éncounter between an individual star
and a black hole binary. The two processes would lead to airaitent rates, which are expected
to be observable. Hypervelocity stars have been detectext@émt years, with velocities of several
hundreds of kmg, larger than the escape velocity of the Galaxy, but not rieade high values
predicted theoretically (see e.g., Brown dt al. 2009, f@véew of the current observational results).
It is now expected that the upcomii®AIA satellite (Perryman et £l. 2001) will be able to detect
more hypervelocity stars and provide further informatibowat the Galactic center.

1.2 Properties of the black hole population

In this section we review the observed global propertiebefiopulation of massive black holes in
the local Universe and as a function of redshift.
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1.2.1 Techniques to estimate black hole masses

Before entering into the details of the properties of masbiack holes, it is useful to review the
techniques in use to estimate black hole masses:

e Dynamical methods:As described ifll.T.2, massive black holes have a gravitational sphere
of influence that can extend to few pc. Within this region, riin@ion of stars and gas clouds
is dictated by the potential of the central massive objedbsédvations of the dynamics of
objects close to the nucleus, associated with theoreticalems for the kinematics of stars
around a central potential, give estimates of the mass ia$sddo the nuclear black hole.
While in our Galaxy stars can be individually resolved arltbfeed over time (se€l.T.2), in
other galaxies the nuclear stellar kinematics is measused)nigh-resolution spectroscopy.
Stellar-dynamical estimates of black hole masses are tts¢ pnecise and direct, despite the
errors associated with the theoretical modeling of thdast&lnematics (for a review of this
method and its successes, see Kormendy|2004). The drawbéig method is that it is very
time-consuming, and can only be applied to nearby gala¥es.a broader census of black
hole masses, less direct methods, as described belowganesck

e Reverberation mapping and virial techniques: It was first pointed out by
Blandford & McKee 2) that any variation in the ionizingnission of the central engine
of Seyfert | galaxies and quasars would cause a variatiam inothe continuum and in the
emission lines produced in Broad Line Regions (see the eetios for a description of broad
line regions, or BLR). The variations of the continuum ane #mission lines would not be
synchronous, but would happen with a timé&elience due to the travel time of the ionizing
photons between the central source and the BLR. Therefaareéul monitoring of the time
delay between the variability in the continuum and the \aliig in the broad emission lines,
can provide an estimate of the distamggr between the source and the BLR. With simple
virial arguments, the mass of the black hole is then given by:

2
V= IBLR

MgH ~ G

(1.1)

where v is the characteristic velocity of the BLR cloudsjreated from the FWHM of the
spectral emission lines. Throughout the years, many blatk tnasses have been estimated
using this method (see, for example Petersonlet all 200éyelstingly, when measuring time
delays, Kaspi and collaboratots (Kaspi ét al. 2000), founad the radius of the BLR scales

with the continuum luminosity at 5108; rg g o L2/, This relation provides a quick way
to estimate BLR sizes, since the luminosity can be obtaineddingle observation (“single-
epoch” detection). Similar relations have been found aﬂnoﬂavelengths, and can be used to

estimate BH masses up to intermediate-high reds 2).

e Scaling relations: This is probably the most indirect method to estimate blaulk masses,
but it is important for statistical analysis of the globappéation. It relies on scaling relations
between black hole masses and properties of the host galdixat are described in details
in .41 These relations are first calibrated using direct oreasents of black hole masses,
and then the more easily accessible information of galagpgnties (such as luminosity and
stellar velocity dispersion), are used to estimate the robfee central objects.
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Figure 1.2:Various estimates of the black hole mass function in a catipil of.Shankar et all (2000b).

1.2.2 Black hole demographics

Thanks to constantly-improving observations and numeavagable techniques to measure black
hole masses, we now have a very good census of the black hmlégpion in the local Universe.

Figure (L2 shows various estimates of the black hole masstifumin the most recent
compilation of Shankar et al. (2009b). Masses in this braade are typically derived from indirect
measurements based on scaling relations between the béeknass and properties of the host
galaxy: from a wide census of bulge masses, luminositieslocity dispersion itis, in fact, possible
to derive the corresponding black hole masses, taking psopeo account the errors in the used
relations.

The black hole mass function is the most fundamental inftionave have on the black hole
population in the local Universe and any model that triesxplan the origin and evolution of
supermassive black holes has, as basic checkpoint, to nietdhical observed mass function.

How the mass function evolves with cosmic time is still natg@sely known. Estimates of the
black hole mass function at high redshift can be obtainexguaicontinuity equation to combine
the local black hole mass function and the AGN luminosityction as a function or redshift (e.g.,
\Small & Blandforél 1992; Merlohi 2004; Shankar eflal. 2009h)ternatively, the black hole mass
function can be derived from the luminosity function of garpe galaxies, assuming a relation
between the luminosity of the spheroid and the black holesrtesg.| Tamura et Al 2006, afiia1
for a description of scaling relations between black holssrend galaxy properties). Despite the
uncertainties due to the strong assumptions behind eacbagp those studies seem to converge
on the result that the population of most massive black hesesalready formed by~ 1 (see also
the discussion igll.3.2).

The integral of the mass function over all masses gives tekisiole mass-density, which is now
estimated to be aroungy ~ 4x10° My /Mpc® (se€ Graham & Drivér 2007, for a recent discussion
on different black hole mass-density estimates). In 1982, Sottanbmed the local black hole mass
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Figure 1.3: In this famous sketch from_Ure Padovani [(1995), are shown thefféirent components
that constitute the basic structure of active nuclei. Adaay to this unification scheme firent AGN

properties depend primarly on the orientation of the galaith respect to the observer.

density with the quasar luminosity function and estimaked inost of the mass in present-day black
holes must have been accreted in phases of bright acim). Following this approach,
many groups have analyzed the evolution of the AGN lumigdsiction to also impose limits on
theradiative dgficiencye (sed AT in AppendikdA), finding that, across cosmic tiee,0.1 (e.g.,

04; Shankar et al. 2004).

1.3 AGN and Quasars

In this section we summarize the most important propertfesctive black holes. After a brief
overview of theunification modeland of AGN classification, we describe recent observational
results on the quasar luminosity function and clusteringictv are important descriptors of the
AGN population and that will be used throughout the next ¢diapto test theoretical models of
black hole accretion.

1.3.1 Brief overview of AGN types

Active nuclei are commonly divided intofierent classes, depending on the their spectral features,

luminosity and variability. AGN show, in fact, manyftBrent properties and, according to the

AGN unification schemeghese observed properties depend on the mass of the cemgiak, its

life-stage, but primarly on the angle at which the accretimgermassive central hole is observed.
Figure CL.B shows the famous sketch of the main componentsnofcéve nuclei from

Urry & Padovani (1995). The central black hole is surrountigdan accretion disk which is,

in turn, surrounded by high-velocity gas clouds, usualfgmed to as théroad line region (BLR),

since it is from this gas that the very broad lines observeal lerge fraction of AGN are thought

to originate. This component of the nuclei is very importa&sipecially for estimates of black hole
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masses, as already mentionedInZ1. The so-calledarrow line region (NLR) is also composed
of gas clouds, but they lie further away from the nucleus aedharacterized by lower velocity and
hence the narrow observed emission lines. Many AGN are aiscatly-obscured, and the gas and
dust that hide the nuclear region are thought to be distiburt atorus-like axisymmetric structure.
Typical of AGN are also jets of material accelerated from\tagy central region up to relativistic
speeds, and these jets can extend up to a few hundreds of kpc.

A first simple AGN classification is based on the type of linessent in the spectralype
1 AGN are characterized both by narrow and broad lines in theictemesuggesting that the
observer is able to look directly into the region of the atioredisk. Type 1 AGN are, in fact,
also characterized by a very bright continuum, which is itjietlemitted by the very central region.
Type 2 AGN, instead, have spectra featuring only narrow lines and enmugaker continuum. The
torus is probably obscuring the central region, and onlyetméssion lines from the slower clouds
of gas far from the center are visible. Type 1 AGN also emitgddraction of their light ¢ 10%)
in the optical, whereas this fraction is much lower for typ&GN.

Seyfert galaxies observed by Carl Seyfert as mentioned§lhT.1, are divided in Seyfert 1
and Seyfert 2, based on the above classification. In the irelsy nomenclaturewasarsﬁ differ
from Seyfert | galaxies mainly in the luminosity, with ques@eing much brighter and able to
outshine the host galaxy completely. The observationabffubetween the two populations is
usuallyMy = —23 mag.

Another perspective on an AGN and its host galaxy is showrignre[L.4. In this sketch, the
basic components of an AGN and its host galaxy are shown iritbgnic scale. This schematic
picture wants to emphasize the many order of magnitudesailescovered by the AGN and the
galaxy.

1.3.2 The Luminosity Function

Whereas the mass function is the basic descriptor of bladk iemographics, the luminosity
function of active nuclei is essential to understand theerties of the AGN population, and how
this population evolves with redshift. Also, because thessea of “dormant” black holes can not
be estimated at high redshift, the AGN luminosity functianeg a first order indication of the
evolution of the mass function (see the discussio$iliiZ.2) and it provides essential constraints for
theoretical models that try to explain the cosmological@von of massive black holes.

It is important to determine the luminosity function infférent bands, since ftierent bands
capture the emission fromftiérent types of AGN. In addition, the bolometric luminosity€tion
gives information on the total mass that is being accretéd black holes at any given time.

In Figure[Ih, a compilation of luminosity functions infidgirent bands, combined to estimate
the bolometric luminosity function as function of redshffom |Hopkins et al.|(2007b) is shown.
Throughout the next chapters, this estimate of the lumindsinction will be used to test our
theoretical models for black hole accretion across cosimie.t

The anti-hierarchical growth of massive black holes

For a long time now it has been known that the number densityuaars is higher at higher
redshifts than today, with a peak at~ 2. In more recent years, X-ray observations have also
shown that AGN with high X-ray luminosities are more commarhigher redshift with respect

3From now on, with the termquasarwe will usually refer generally to the brightest AGN popidat
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Figure 1.4: Schematic view of the basic components of an AGN embeddédt ihost galaxy in
logarithmic scales. (courtesy of A. Merloni, S. Bonoli ahd ESO graphics department).

to their low-luminosit counterparté.ﬁSien.e[.dLZOﬂSI_Qmul.&eLHl_de&_Cmmam_&Bﬂrhardl
2003; Ueda et al. 2008; 005), as illustriatéue left panel of FigureZIl6. Recently,
the same conclusions have been obtained also with optltﬂl{ml 9), as shown in
the right panel of the same figute. Heckman et al. (2004) gusiical data from SDSS, found that
at low redshift only BHs with a mass 10’M,, are actively growing. Combined, these observations
suggest that supermassive black holes grow “anti-hieizaltyy”.: the more massive BHs were
already in place at high redshift, and since then the aceretttivity has shifted to smaller objects.

1.3.3 Quasar clustering

While the luminosity function indicates how the total enebgidget is distributed across sources of
different luminosities, clustering analysis provides infaiioraon how the sources are distributed
on the sky and which is their environment. In fact, the clistgepower of observed AGN can be
compared with galaxy clustering or the clustering of sintedadark matter haloes to infer in which
type of environment AGN reside. We refer to Apperidlx B for aaetion of clustering statistics.

A matching between quasar clustering and halo clusteringatso be used to estimate quasar
lifetime, as first suggested by Cole & Kaiser (1989) and ldiscussed in details m—lw
(|20_.0.i) and_Martini & Weinbelg (2001a). The principle on whihis conjecture is based is very
simple: if quasars are strongly clustered, their hosts rnestre objects, and therefore they must
also be long events in order to account for the total quasainiosity density observed. If, on the
other hand, their clustering is comparable to the clusgensinrsmall dark matter haloes, their hosts
must be much more common, and their luminous phases musftdhrehave short duration.

A detailed investigation of the clustering properties of M@&ave become possible with the
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Figure 1.5:Bolometric AGN luminosity function (gray band) as a functad redshift, as calculated by
IHopkins et al.|(2007b). The ftrent symbols and colors refer toféirent bands from which data have
been extracted: solid blue circles are optical data, filled squares infrared, purple triangle are soft and
hard X-ray data and the filled orange diamonds are luminesifrom emission lines. The vertical dashed
lines bracket the observational limits. We refer the reameiHopkins et al.|(2007b) for a more detailed
description of the data and methodology used to extract tthentetric best-fit luminosity function.
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Figure 1.6:Redshift evolution of the AGN luminosity density. The lafigbis from the X-ray luminosity

function (Hasinger et al. 20D5) and the right figure is frore tptical onel(Croom et Hl. 2009). In both

bands low-luminosity objects have their peak in number itieas lower redshifts with respect to the
most luminous ones.
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Figure 1.7: Correlation length as a function of redshift as observed igfesknt groups. The purple point
are for X-ray data, while the blue ones are for optical quasarhis figure wants to show the general
trend of fp with redshift, and the general agreement betwegfemint observations, but the comparison
has not to be taking quantitatively, since the surveys losiiy cuts and the fitting procedure to calculate
ro vary from group to group. Also, note that the high point f( ) is from the CDFS,
while the lower point from the CDFN. Also, at each redshifeiSht al. (2009b) quote two values for the
bias, which come from including or excluding negative poiorh the correlation function in the fitting
procedure.

observation of thousands of quasars by the wide-field sariley SDSS and 2dFQSm al.
2000;/ Croom et al. 2004). Croom ef al. (2005) and PorciarlléP804) calculated the correlation
function of quasars observed in 2dF in the redshift ran§e<Oz < 2. Both groups found that the
clustering strength is an increasing function of redshiit, that it does not depend significantly on
qguasar luminosity. The inferred values of the Bimggest that quasars of the observed luminosities
are hosted by haloes of a few#6'M,, which remains approximately constant with redshift,
since haloes of a fixed mass are progressively more clustewetds higher redshift. Following
the approach of Haiman & Hul (2001) and Martini & Weinberg §28), the estimated quasar
lifetime would be a few 1Qr, reaching~ 1Cyr at the highest observed redshifts. More recent
studies on larger samples and atelient redshifts have confirmed these results (Shenlet al: 200
12007a; Cail et bl. 2007; dmgela et al| 2008; Padmanabhan et al. 2008; Ross et al.

). However, the magnitude range covered by these surseypically quite narrow, and this
may explain the lack of evidence for a significant dependerictustering on luminosity. When
'Shen et &1.1(2009b) analyze the clustering of the 10% brigloteiects of their sample, they find that
these quasars have a higher bias compared to the full sample.

On the X-ray side, only recently large enough samples hagerbe available for a statistically
reliable clustering analysi.mﬁalﬁ%) have usieel Chandra Deep Fields North and South
(CDFN & CDFS) to measure the correlation power of X-ray sele @GN, and found very dlierent
correlation lengths (defined in the two fields: while AGN irt6@DFN have a correlation power
similar to the one observed for optical quasars, the objecthe CDFS have a much higher

“The biasis usually defined as the square-root of the ratio betweenltistering power of the objects under analysis and
that of the dark matter, see the definitlonlB.1 and the reldiszlission in AppendiIB.
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correlation Ienglﬁl This discrepancy is probably due to cosmic varifintet sed_Marulli et Al.
) for a theoretical discussion on this. Similar resa#t for the CDFN have been found for the
CLASXS surveyl(Yang et al. 2006) and the XMM-COSMOS field [iGit all [2009).
In Figure[lY the correlation length of AGN observed withieas surveys in dierent bands is
shown as a function of redshift.

1.4 The interaction between black holes and their host galags

We review in this section the relations observed betweemthss of the central black hole and the
host galaxy, and the main properties of AGN feedback.

1.4.1 Scaling relations

At the end of the last century, when stellar-dynamical messents of black hole masses became
available, interesting correlations betweklay and properties of the host galaxies were found.
IKormendy & Richstoriel (1995) were the first to point out thdatik hole masses are proportional
to the mass of the bulge component”. Few years later, Magormrind collaborators combined
dynamical models with kinematics data of 36 nearby galatdesstimate black hole masses and
calculate that the mass of the central object i8.006 times the mass of the stellar component of
the host galaxy (Magorrian etlal. 1998). At the turn of the wewtury, a new important correlation
was found: Ferrarese & Merritt and Gebhardt and collabosatdiscovered that the black hole
mass is related also to the stellar velocity dispersiorof the host [(Eerrarese & Mertfitt 2000;
\Gebhardt et al. 2000), approximatelyMsy « o2, wherea ~ 4, and with a scatter smaller than the
one observed for thBlgy — Mguige relation. In the following years, a lot offert has been invested in
measuring the precise slope and scatter of these relatapsTremaine et &l. 2002; Marconi et al.

), and more relations were suggested, such as the otvesebethe black hole mass and the
Sérsic indelf of the galaxy density profile (Graham et lal. 2001) and evewdéen the black hole
mass and the mass of the host dark matter halo (Feriaresg2&et dl. 2003). In FiguFe.8 the
Mg — 0. and Mg — Mgyge relations are shown using data frontfdrent groups, as indicated in
the caption.

More recently, Hopkins et al. (2007a) introduced a “fundatakplane” for black holes, derived
using both observational data and the outputs of hydrodigsrmeimulations of galaxy mergers.
This is a relation that connects the black hole mass with buthstellar mass and the velocity
dispersion of the host galaxy, expressed as:

log(MgH/Mg) = 7.93+ 0.72log(M7,) + 1.4 109(0200). (1.2)

whereM;, is the galaxy stellar mass in units of'tM., ando»q0 is the bulge velocity dispersion in
units of 200 km st.

SThecorrelation lengthis, by definition, the scale at which the two-point corraatfunction is equal to unity, see Equation
E3) in AppendiXB.

6Cosmic variancés an dfect that could arise when the portion of the Universe undamémation is too small to be a
statistically representative region of the entire Unieers sample which is too small might, in fact, contain infotioa that is
biased with respect to the global statistics of the Universe

"TheSérsic index ndicates the steepness of the density profile of a galaxgliysexpressed as(R) o« e®" wherel (R)
is the surface brightness, or projected density profile fasetion of the radial distand® (de_Vaucouleuks 1948: Seiic 1D68).
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Figure 1.8:Example of scaling relations between the black hole masstanstellar velocity dispersion
(left panel) and bulge mass (right panel). In the left partek filled purple diamonds are from
[Tremaine et d1.1(2002), with the corresponding best-fit efation represented by the dashed line. The
blue open triangles are data from Ferrare&eFord (2005), with best-fit given by the solid line. In the
right panel, the filled orange squares are datal of Marcénunt (2008) (the solid line is their best
fit derived from their best sample) and the open red circlesfam|Haringé- Rix (2004), with dashed
curve as best-fit.

Beyond the controversy of which relation is tighter, or whis the precise value of the slope,
the important message coming from these observationstishibie is a fundamental link between
a galaxy and its central black hole, despite the lardgkedinces in mass and spatial scales of the
two objects (a black hole, however massive, is a tiny fractibthe mass of the host, and occupies
a region which is many orders of magnitudes smaller tharcgalactic scales). Whether black
holes are “passive” actors in shaping these relations, torefic regulate their own growth, is still
a matter of debate. Towards the end of this section, a revieserme physical processes that are
probably important in establishing this relation is given.

Scaling relations at high redshift

For a full understanding of how black holes and galaxies \@abltogether, it is necessary to
understand how and when the above relations originated amdthey evolve with redshift.
Observationally, this is still an open question. Many gr®ape working on this subject, but so far
the results have not been conclusive, mainly due to tfiedlity in measuring black hole masses and
galaxy properties at the same time. In the very distant Usejéblack hole masses can be estimated
only for active galaxies, using virial techniques or simitgethods based on the luminosity produced
by the central black hole. But, because of observationatdjironly the most luminous AGN are
selected, with the consequence that the luminosity of tre palaxy is often outshone by the
luminosity of the active nucleus. Treu and collaboratorsehssed very high signal-to-noise spectra
from theKecktelescope combined with high-resolution images fronHbbeble Space Telescope
calculate both the black hole mass and galaxy propertiesamgple of Seyfert | galaxies at- 0.4,
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and found that the ratio between black hole and bulge madsesvas~ (1 + 2)1°10 (m
2004, m?) The same authors detected evolution also iMihe— o-. relation, with smaller
velocity dispersion, for a given black hole mass, when gaiack in tlme.LBeng_eLbL(ﬂj%) have
analyzed the redshift evolution of tidsy — Mpuge ratio using data of gravitationally-lensed quasar
hosts at 15 z < 4.5 : thanks to the lens amplification, properties of the hosblbee more accessible
and these authors finds thatzat 1 black holes are about twice as massive with respect to thie ho
galaxy as predicted by the local relation, andz at 1.7, the ratioMgH/Mgyge iS four times larger
than todayl_Merloni et all (2010) used instead the multielength data of the zZCOSMOS survey
to disentangle the stellar and the nuclear contribution@NAat 1 < z < 2.2, finding a milder
evolution, withMgy/Mpyige ~ (1 + 2)268012,

Other groups have analyzed the evolution of ten/Mguge ratio using a very dierent
approach, based on global statistical properties of theklblale and stellar populations. Comparing
the evolution of the black hole mass and accretion rate temsione side, and the stellar mass and
star formation rate density on the other, Merloni etlal. @0@und a moderate redshift evolution
in the black hole and stellar mass ratio, in favor of larg@cklhole masses per stellar mass with
respect to local values (see also, Shankarlét al. 2009a)y a\&imilar approacﬂm al.

) exclude a strong evolution in tMg/Mpyige ratio.

Finally, using data of large-scale quasar clustering, Eiral. (2006) estimated the evolution
of the ratio between the black hole mass and host dark materrhass finding:Mgy/Myaie ~
(l + 7)25+18

On the theoretical side, Robertson gt lal. (2006) examineehlution of theMgy — o, relation
using a large number of simulations of isolated galaxy mmsrgsith galaxy properties re-scaled
to the redshifts of interests. These authors found that lilygesof the relation, up t@ ~ 6,
is essentially insensitive to the redshift-dependent @riogs of the host galaxies. Using similar
numerical models, Johansson €t h.L_(i009) found that BHsodl@volve onto theMgy — Mguige
relation at the end of a merger event, if they were sittingvalibe relation before the merger. This
result would rule out scenarios in which black holes grow miefore their host bulge.

As mentioned above, an observational determination oftbkigon of the scaling relations is
essential to understand how black holes and their host igalar-evolve. Most theoretical models
for the joint evolution of black holes and galaxies use thealaelations to constrain their free
parameters, but the redshift evolution of these relatiengins an uncertain prediction. Hopefully
future generations of observational facilities will be elbdd unveil more details on the redshift-
dependence of these scalings.

1.4.2 AGN feedback

The energy released by an accreting black hole can easigedxihe binding energy of the host
galaxy. How the emitted energy couples with the surroundsdghough, not a trivial problem.

In their 1998 paper, Silk & Rees introduce a simple model inciia wind from a black hole in
a “quasar” phase mechanically couples with the surrounglasg halting star formation, regulating
the growth of the black hole itself and naturally explainthg scaling relation between the black
hole and the host galaxy mass (Silk & Rees 1998).

Such “self-regulated” growth of massive black holes has b&en included in hydrodynamical
simulations of galaxy mergers, successfully reprodudmgMgy — 0. relation by assuming that
a fraction of the radiative luminosity from the accretinghttal black hole is able to heat the

surrounding gas (Di Matteo etlal. 2005; Springel et al. 2)@idl see also the discussior§lR5.2
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and FigurdZ119).

Indeed, there are fierent forms in which the energy output of an accreting hote azuple
and influence the surrounding mediunraaiative or wind output would couple thermally with the
gas, while in &ineticmode the jets generated close to the accretion disk are@biec¢hanically
push the gas out. While the first is now assumed to work wheskltiales accrete cold gas at high
rates, the second is often invoked to halt the cooling of lastag the center of galaxy clusters. The
latter is connected to the so-called “cooling-flow” problamhich is the discrepancy between the
expected high cooling at the center of galaxy clusters, aadbick of observational evidence for the
expected high mass deposition rates from cooling (Cowie @By 197/7; Fabian & Nuls&n 1977).
The lack of significant amounts of cold gas in galaxy clusteddten explained invoking the heating
mechanism of central AGN (e.d., Binney & Tabor 1995: Chuvaztal.|2002| Briiggen & Kaiser
2002 Omma et 4. 20b4: Sijacki & Springel 2006; McNamara & 2007).

1.5 The cosmological evolution of supermassive black holes

In the previous section we have described the tight conmectbserved between black holes and
their host galaxies. The discovery of scaling relationsdtasulated substantiafi@rt in trying to
understand how black holes and galaxies co-evolve and thuitnféuence each other across cosmic
time. In this section we review which could be the basic sagfehe life of a supermassive black
hole, from its birth to the phases of bright activity.

1.5.1 Seed Black Holes

A subject of intense theoretical investigation is the arigf supermassive black holes. Two
main theories are currently being debated: seeds of mabsae& holes could have been the

remnants of Pop IIl stars (e.g.. Bond etlal. 1984; Madau & [F288 ;| Heger & Woosley 2002)
or they could have originated from the direct collapse of-Envgular momentum clouds of pristine
WW&MW@MB@M@&
lB_eg.eLmalh_ZQiO). In the first case the mass of the seed is éstitiebe of the order of 26 10° My,
much less than what could be the outcome of low-angular mamegas collapse~( 10°M,).
Unfortunately, due to exponential growth during accretions very dificult to use the local
population of massive holes to recover information aboatrthriginal mass before the onset of
accretion. On the theoretical side, simulations are bearged out to investigate which model
for massive BH formation is most plausible (e.g., Bromm & Ha2003;| Alvarez et all_2008).
Observationally, these models for primordial BHs will hily be tested in the near future either

directly through gravitational wave detection (Sesand.@G5;/Koushiappas & Zentrier 2006), or

indirectly by, for example, looking at theffect that primordial accreting BHs might have had on

the reionization of the intergalactic medium (e.g., Ricaitall|2005| Ripamonti et dI. 2008).

1.5.2 Triggering black hole accretion

To fall onto the accretion disk, the gas present in a galasytbdficiently lose angular momentum

and travel several orders of magnitude in scales from thwissaf parsecs down to a few

astronomical units. Which physical mechanisms are abl@aomel gas to the very nuclear region
of a galaxy is still not clear (see, for example, the revie@l&ﬁ&. From a theoretical point
of view, the main problem is to simulate such a large dynahn&rage.
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In the standardACDM structure formation model, small objects form first frosmall
overdensities of the density field, and then grow by acanegiod mergers, in a “hierarchical” or
“bottom-up” fashion l(White & Rees 1978; White & Frehk 1991y this context, galaxy mergers
play a primary role in triggering star formation and modifyithe morphological galaxy properties.
Numerical simulations have, in fact, shown that elliptigalaxies can be the remnant of the merger
of two disk galaxies (e.gl, Barnes 1988 Herng 992; biNa8urkert 11999;| Springel et al.

). Simulations have also shown that in gas-rich megiarbursts occur and gas is channeled

toward the nuclei of the merging galaxies throu ra\otml torquesl (Ne ite 1983;
Bamfs_&_uﬂmquIJﬁbi_Mlhps_&_HﬂnqﬁE%b i91.1996). The tight

relations observed in the local Universe between black hasses and the host bulge properties
(described inl.Z.1) suggest that bulges and black holes might form duhiegsame events, and
gas-rich galaxy mergers have been considered as the physicasses that could simultaneously
explain the formation of spheroids and the growth of the @aicblack hole. In a seminal work
at the beginning of this century, K&mann & Haehnelt analyzed the evolution of the black hole
population in a full cosmological context, assuming thdagg mergers were the main mechanism
responsible for gicient black hole growth (Katmann & Haehne 0). These authors were able
to reproduce some of the main properties of the black holeqalagar population, demonstrating
the viability of their basic assumptions. In the followingars, more work has been done in this
dlrectlon using analytical, semi-analytical and fullymerical models (e.g., Wyithe & L oeb 2002;
3l Granato etlal. 20d4: Springel & ab5th Croton et Al 2006; Malbon ef al.

|ZJ.O.'P,|.M.O.D&.CQ.&L$LZQD|LBdéla_2bO7) Another breakthrauthe numerical modeling of black
hole accretion in the context of galaxy formation has bedriexed by di Matteo, Springel and
collaborators, who were able to form spheroids and obtanMby — o. relation using hydro-
simulations of isolated gas-rich mergers including feettbfiom the accreting black hole (see
Figure[I® and Springel etlal. (2005b); Di Matteo €tlal. (2005

On the observational side, already in 1988 Sanders andbcodltors suggested a connection
between quasars and starburst galaxies with signaturesceht mergers_(Sanders etlal. 1988).
Morphologically-disturbed galaxies with a young stellapplation seem indeed to be the typical
hosts of AGN with high mass accretion rates (elg.. Sanchalz £004; Lla.hm&er.laljlm'
Bennert et gl 2008; Hutchings el lal. 2009), whereas it has bbserved that low-luminosity AGN
seem to be hosted by galaxies with an older population thabtioecessarily show signs of recent
merger activity (e.gl, Kafmann et all. 2003; Silverman et al. 2008).

While galaxy mergers seem then to be responsible for triggée activity of very bright AGN
and quasars, low-luminosity AGN are possibly being triggdsy other mechanisms, such as stellar
winds from supernovae explosions or bars produced in daldistks by gravitational instabilities

(e.g.,Jogee 2005: Ciotti & Ostriker 2007), although thigsion between “external” and “internal”
triggers might be not as simple (Strand €t al. 2008; Li Et@D& Georgakakis et al. 2009).

1.5.3 Black hole mergers

During galaxy merger events, the two black holes sittindnatdenter of each host will be dragged
towards the center of the merger remnant because of dynkmat@n. Eventually, the two black
holes form a binary system, which is defined “hard” if the bivgdenergy per unit mas§f:/2a) is
larger thanr? (wherey is the reduced mass of the binary arithe semi-major axis, see, e ritt
). For typical supermassive black holes, the valueinfthis limit is a few parsecs. A binary
system is able to “harden” when third objects interact withn the process calledgravitational
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Figure 1.9:Mgy — o, relation obtained from a series of isolated gas-rich galarygers which include
quasar feedback. The gas fractions included in the sinoulstvary from 20 to 80% (as indicated on the
plot). The black points are from observational data (froansstmaser and gas kinematics). The red color
shades indicate fierent initial total mass of the galaxy. From Di Matteo éta03@5).

slingshot the infalling objects get accelerated by the binary, whiatreases its binding energy.
Two black holes can eventually coalesce when their separ&ismall enough for gravitational
wave emission to becomdieient. If the emission of gravitational waves is asymmethe binar
experiences a recoil, with velocities that depend on the gptihe two black holes (e.mral

). The separation at which gravitational wave emisdiecomes important is of the order
of a few percent of a parsec, and it is still not clear whethmerugh material crosses the nuclear
region of a galaxy for the binary to harden to such small scallumerical simulations have
shown that encounters with stars alone might not be enoudiariden the binary to very small
scales (e.glL, Milosavljevic & Merritt 200B; Makino & Fuma?004). If, however, gas is present, the
hardening process is facilitated and the final coalescenglttake place on a short timescale (e.g.,
.2004; Mayer et al. 2008).

From an observational point of view, the lack of a statislyckarge sample of binary black
holes would suggest that the coalescence process is gatffalitive and black holes can merge in
a relatively short time (sem%, for a review orotheervational evidences of binary
black holes).

1.6 Outline of the thesis

The objective of this thesis is to test models in which brigl®N activity is triggered by galaxy
mergers. As mentioned above, several observational seswulicate that bright AGN reside in
merger remnants.

To test the assumption that galaxy mergers are responsibéficient black hole feeding, we
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have used various numerical methods to model the AGN pdpualacross cosmic time, and we
compared our model predictions with the most recent obsenal compilations of several global
descriptors of the quasar population, such as luminositgtfans and clustering statistics.

The thesis is divided as follows:

Chapter 2: Modeling the cosmological evolution of black holes and qusars

In this chapter we describe our methodology to model theugl of black holes in the
context of galaxy formation. We also show tests for lighiveumodels associated with single
accretion events, and the general properties of the sisuildack holes and quasars.

Chapter 3: The clustering of simulated quasars

In this chapter we analyze the clustering properties of thasgrs simulated with the
procedure described in the previous chapter. We also amahe properties of the dark
environment and the duty cycle of our simulated quasar fatiou.

Chapter 4: The merger bias

With the term “merger bias” we refer to any excess of largaesclustering that recently-
merged objects might have with respect to a population caibjwith the same properties,
but with no recent merger event. If such excess clusteringtgxand if indeed quasars
are triggered by galaxy mergers, the observed clusteringdcoot be used to infer the
environment quasars live in. In this chapter we analyze igp@fecance of merger bias for
simulated dark matter haloes, galaxies and quasars.

Chapter 5: The evolution of supermassive black holes in semi-analydal and
hydrodynamic simulations

This chapter is devoted to the description of first resulta study in which we compare
directly the cosmological evolution of black holes and @uasas simulated with a semi-
analytical model for galaxy formation and with hydrodynaailicosmological simulations.

Chapter 6: Summary and outlook

In this final chapter we summarize the main findings of thisithand present a brief outlook
to future work.



Chapter 2

Modeling the cosmological evolution of
black holes and quasars

In this chapteﬂ we describe the procedure with which we model the evolutidiazk holes and
guasars in a galaxy formation context. This modeling proceavill also be used in the next chapter
to study the clustering properties of simulated quasars.

After a brief introduction §.1), in &3 we describe the most important physics of galaxy
formation entering the semi-analytic model. In the samé@eeve also describe the details of how
we modeled the luminosity associated to each black holeeticorevent using various light curve
models. Then, i§Z2.3, the global properties of the black hole and quasar papoihs are presented.
Specifically, we analyze the scaling relations, the fundaai@lane and the mass function of BHs,
and compare them with the most recent observational datal¥deanalyze the predicted evolution
of the AGN luminosity function. While we find for the most pavery good agreement between
predicted and observed BH properties, the semi-analytidehonderestimates the number density
of luminous AGN at high redshifts, independently of the &etbjEddington factor and accretion
gfficiency. However, an agreement with the observations isilpesaithin the framework of our
model, provided it is assumed that the cold gas fractionetect by BHs at high redshifts is larger
than at low redshifts.

Finally, in 8.4 we summarize the main findings of the work presentedsrckiaipter.

2.1 Introduction

As discussed ir§fll.H, a co-evolution of BHs, AGN and galaxies is expected & $tandard
cosmological framework, where cosmic structures growan@ically via gravitational instability
and merging events destabilize the gas at the galaxy centiggering star formation and
BH mass accretion. In order to investigate this complex euc'ten several models have been
developed, based on either pure analytic approximatioes, .|_Efstathiou & Rees 1988;
Haehnelt & Re¢§ 1953 Haiman & Loéh_198; Percival & Miller999Haiman & Menoll 2000:
IMartini & Weinberg | 2001b;| Wyithe & Loeh 2003; Hatziminaoglet al. | 2003;| Hopkins et al.

1This chapter follows the pap&lodeling the cosmological co-evolution of supermassiaekholes and galaxies I.: BH
scaling relations and the AGN luminosity functibp Federico Marulli, Silvia Bonoli, Enzo Branchini, Laurodgcardini &
Volker Springel (MNRAS, 385, 1846). Federico Marulli andv& Bonoli have been responsible for the bulk of the work,
which Federico Marulli put together in its final form.
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2007b), or semi-analytic ones (see, It 2000: Cavaliere & Vittorini 2002:
[Enoki et al. 2003; Volonteri et al. 2008; m@%Imw al.
2005; | Croton et all_2006; Malbon et al. 2007; Fontanot e Recently, thanks to the

availability of unprecedented computational power, fullymerical models have also become

available (see, e. al. 20D5; Springel kt@D5h:| Li et all 2007%_Sijacki et &l. 2007;
IDi Matteo et al

Simple analytic models in which AGN activity is only triggeet by DM halo major mergers
succeeded in quantitatively describing the observed &wolwof the AGN number counts and
luminosity at all but low redshifts, provided that some mawkm is advocated to inhibit accretion
within massive haloes hosting bright AGN. However they faifeproducing the observed AGN
clustering at high redshifts (Marulli etlal. 2006). Slighthore sophisticated semi-analytic models
in which the halo merger history and associated BHs arevi@tbby Monte Carlo realizations of
the merger hierarchy, while the baryonic physics is neglbets well, can correctly reproduce both
the AGN luminosity and clustering function atz 1 (Marulli et al.. 2008), but the number density
of faint AGN is significantly below observations, a clearication that DM halo mergers cannot
constitute the only trigger to accretion episodes in thall&t populationm 7), and
that in order to properly describe the cosmological evolutf BHs and AGN, the main baryonic
phenomena involving the gas contents of DM halos cannot glecied.

In this chapter we study the cosmological co-evolution dagias and their central BHs using
a semi-analytical model developed on the outputs of theedillum Simulation and described in
detail in[Croton et al! (2006) and De Lucia & Blaizbt (2007).this scenarioadio modefeedback
from AGN at the centre of galaxy groups and clusters is inddkeprevent significant gas cooling
in large halos, thus limiting the mass of the central gakvared preventing them from forming
stars at late times when their mass and morphology can Btthge through mergers. Thanks to
this mechanism,_Craton etlal. (2006) demonstrated that autiedel can simultaneously explain
the low observed mass drop-out rate in cooling flows, the egptal cut-df in the bright-end of
the galaxy luminosity function, and the bulge-dominatedphologies and stellar ages of the most
massive galaxies in clusters.

Here we are interested in investigating how well this mo@el also reproduce the statistical
properties of BHs and AGN. To do that, we extend the originadled by adding new semi-analytical
prescriptions to describe the BH mass accretion rate in¢beeion episodes triggered by galaxy
mergers, which fuel thguasar modeand their conversion into radiation. We then analyze the
scaling relations, the fundamental plane and the massifumof BHs, and compare them with
the most recent observational data available. Finally, @rapgare the predicted AGN bolometric
luminosity function with the observed one, and propose sorodifications to the original semi-
analytic assumptions to better fit the data.

2.2 The model

Our semi-analytic model for the co-evolution of DM haloeslaxies and their central BHs consists
of three ingredients, that we describe separately in thisse a numerical simulation to obtain the
merger history of the DM haloes, a set of analytic presaigito trace the evolution of galaxies
within their host haloes and a set of recipes to follow the Bidretion history and the AGN
phenomenon.
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2.2.1 Numerical simulation

In this work we use the outputs of the Millennium Simulatiavhich followed the dynamical
evolution of 2168 ~ 10'° DM particles with mass .8x 108 h~*M,, in a periodic box of 500~Mpc

on a side, in aACDM “concordance” cosmological framework (Springel €t2005¢). The
computational box is large enough to include rare objeatk s1$ quasars or rich galaxy clusters,
the largest of which contain about 3 million simulation paes atz= 0. At the same time, the
mass resolution is high enough to resolve the DM halo.&lLQ galaxies with~ 100 particles.
The short-range gravitational force law is softened on thenoving scale B ‘kpc (Plummer-
equivalent) which may be taken as the spatial resolutioit bifithe calculation. The cosmological
parameters (the matter density paramélgr= 0.25, the baryon density parame®@p = 0.045,
the Hubble parametdr = Hy/100 kmsiMpc™t = 0.73, the cosmological constant contribution
to the density paramet€X, = 0.75, the primordial spectral index= 1, and the power spectrum
normalizationog = 0.9), are consistent with determinations from the combinealyes of the
2-degree Field Galaxy Redshift Survey (2dFGRS) (Colless £001) and first-year WMAP data
(Spergel et al. 2003), as shownlby Sanchez!et al. [2006) el that the more recent analysis of
the WMAP 3-year datd (Spergel eilal. 2007) suggests sligifilgrent values (in particular smaller
values forQnm, os andn). However, as demonstrated by Wang et al. (2007), due touhent
modelling uncertainties, it is not possible to distinguisé two WMAP cosmologies on the basis of
the observed galaxy properties, since the variations iedlby acceptable modifications of the free
parameters of the galaxy formation model are at least ag Esghose produced by the variation in
the cosmological parameters.

The Millennium Simulation was carried out with a special sien of the GADGET-2 code
(WIES) optimized for very low memory consumptiah the Computing Centre of the
Max-Planck Society in Garching, Germany. We make use ofihi@ical merging trees extracted
from this simulation which encode the full formation histaf DM haloes and subhalos, previously
identified with, respectively, a friends-of-friends (FQJfpup-finder and an extended version of the
SUBFINDalgorithm (Springel et &l. 2001a). These trees constiheidackbone of our semi-analytic
model, which is implemented during the post-processing@hthnis allows us to simulate the wide
range of baryonic processes occurring during the formadioth evolution of galaxies and their
central BHs.

2.2.2 Galaxy evolution

We use the galaxy formation model lof Croton et al. (2006) adatgd byl De Lucia & Blaizot

). Although not in agreement with some propertieseféd and blue galaxy populations (see,
e.g./Weinmann et gl. 2006; Kitzbichler & White 2007), thisdtel is able to reproduce the overall
observed properties of galaxies, i.e. the relations betveéellar mass, gas mass and metallicity,

the luminosity, colour and morphology distributiohs (@t all 2006; De I ucia et al. 2006), the
two-point galaxy correlation functions (Sprin ), and the global galaxy luminosity and
mass functions at high redsh itzbi ' OWe refer to the original papers for a full

description of the numerical implementation of the modal.tHe following, we briefly recall the
treatment of the physical processes involved in the galegjuéon, and describe the prescriptions
for the BH growth and the AGN evolution.

Following the standard paradigm set out by White & Ffehk ()98nd adapted to high-

resolution N-body simulations hy Springel et al. (200128, agsume that as a DM halo collapses,
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a fractionf, = 0.17 of its mass is in the form of baryons and collapses withahststent with the
first-year WMAP result(Spergel etlal. 2003). Initially, #eebaryons are in the form of afilise gas
with primordial composition, but later they include gas @veral phases as well as stars and heavy
elements. Conventionally, with the simplifying assumptad an ideal gas which cools isobarically,
the cooling time of the gas is computed as the ratio of itsifipgbhermal energy to the cooling rate
per unit volume,

3 umpkT
teool = m (2.2)

whereumy is the mean particle mask,is the Boltzmann constanbg(r) is the hot gas density,
andA(T, Z) is the cooling functionl(Sutherland & Dogita 1993; Maio Et2007). Equation[{2]1)

is valid at temperature higher than10* K, where hydrogen and helium remain ionized and the
number of particles remains approximately constant.

We assume the post-shock temperature of the infalling gae tihe virial temperature of the
halo, T = 359 (Vy;;/kms™)? K, whereV,; is the halo virial velocity. Moreover, we assume that the
hot gas within a static atmosphere has a simple ‘isotherdnstibution,

Mhot

TR T2 (22)

pg(r) =
wheremy is the total hot gas mass associated with the halo and is asstmextend to its virial
radiusRy.

In order to estimate an instantaneous cooling rate onto ¢éiéral object of a halo, given
its current hot gas content, we define the cooling radig&,, as the radius at which the local
cooling time (assuming the structure of Equati@nl(2.2)) gsia to the halo dynamical time,
Rir/Vuir = 0.1H(2)™* (Springel et all 2001h; De I ucia ef 04; Croton et al.pBereH(2)
represents the redshift evolution of the Hubble constahe dooling rate can then be determined
through the following continuity equation,

Meool = 47Tpg(rcool)r§00||;cool . (2-3)

More details about our cooling prescriptions can be foun@rioton et al.|(2006).

The photo-ionization heating of the intergalactic mediunpmesses the concentration of
baryons in shallow potentials (Efstathiou 1992), and carebponsible of the infcient accretion
and cooling in low-mass haloes. Followimmoooxmel the &ect of such photo-
ionization heating by defining a characteristic mass sddlg,below which the gas fractiofy, is
reduced relatively to the universal value:

fcosmic

[1+ 0.26 Mg(2)/Myir]®

£z, Myir) = (2.4)

We adopt theM(2) parameterization aof Kravtsov etlal. (2004), which resinita filtering massvig
E% Hoeft et al

of 4 x 10°M,, at the reionization epoch, and>x310'°M,, by the present day (but s
2006).
In the semi-analytic framework we use in this work, the steinfation is assumed to occur at a
rate given by:
M, = asf(Meold — mcrit)/tdyn,disc ) (2.5)
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wheremeq is the cold gas massyndisc is the dynamical time of the galaxy, defined as the ratio
between the disk radius and the virial velocity: corresponds to a critical value for the gas surface
density (Kadfmann 1996; Kennicuit 1998; Mo etlal. 1998), ang: = 0.03 controls the ficiency

of the transformation of cold gas into stars. Massive staptoele as supernovae shortly after star
formation events and are assumed to reheat a gas mass ogalbid the mass of stars:

AMyeheated= €diskAM., (2.6)

where we set the free parametgtx = 3.5 based on the observational data. The energy released by
an event which forms a madsn. in stars is assumed to be:

AEsn = 0.5ena0AMVZ , (2.7

where 05V§N is the mean supernova energy injected per unit mass of newtyeld stars, ané,ao
represents thefigciency with which this energy is able to convert cold intelist medium into hot,
diffuse halo gas. The amount of gas that leaves the DM halo in &f'suipd” is determined by
computing whether excess SN energy is available to drivldiaeafter reheating of material to the
halo virial temperature.

We model the disk instabilities using the analytic stapitititerion of (Mo et al. [(1998); the
stellar disk of a galaxy becomes unstable when the followiequality is met:

Ve
(GMyisk/ T disk) /2

At each time-step we evaluate the left-hand side of EqugBi@) for each galaxy, and if itis smaller
than unity we transfer enough stellar mass from disk to b(dgéxedrp) to restore stability.

In the Millennium Run, substructures are followed down tesses of I7 x 101°h~1M,, so that
we can properly follow the motion of galaxies inside theistiog DM haloes until tidal truncation
and stripping disrupt their subhalos at this resolutiontlidt this point, we estimate a survival time
for the galaxies using their current orbit and the dynamficeion formula oflBinney & Tremaine
(@) multiplied by a factor of 2, as in_De Lucia & Blaizot (ZI). After this time, the galaxy is
assumed to merge onto the central galaxy of its own halo. x@ateergers induce starburst which
we describe using the “collisional starburst” prescriptistroduced by Somerville et lal. (2001). In
this model, a fractiomy,,s; of the combined cold gas from the two merging galaxies isddrinto
stars as follows:

<1. (2.8)

Sourst = ,Bbursl(msat/ mcentraboz|DurSt s (2-9)

where the two parameters are takenvggs: = 0.7 andBpurst = 0.56, appropriate for merger mass
ratios ranging from 1:10 to 1.@@}04).

2.2.3 BH mass accretion and AGN
The ‘radio mode’

When a static hot halo has formed around a galaxy, we assuatetfraction of the hot gas
continuously accretes onto the central BH, causing a logrggnradio’ activity in the galaxy centre.
FollowinglCroton et &1.1(2006), the BH mass accretion ratémdithese phases is postulated to scale
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as follows:

Mt o = ke [ MEH Lt(V_)s (2.10)
BHR = BAGN{78Mm, )\ 0.1/\200kms?) '

whereMgy is the BH massfyqt is the fraction of the total halo mass in the form of hot gasl,ag

is a free parameter set equal t& % 10°°Myyrt in order to reproduce the turnover at the bright
end of the galaxy luminosity function. Sindgy is approximately constant for,;; > 150 kms?,
the dependence afigy g ON this quantity has a littlefiect. Note that the accretion rate given by
Equation [[ZID) is typically orders-of-magnitude below #ddington limit. In fact, the total mass
growth of BHs in the radio relative to the quasar mode disedi$low is negligible.

It is also assumed that thladio modefeedback injects energyfeeiently into the surrounding
medium, which can reduce or even stop the cooling flow in the ¢entres. The mechanical heating
generated by this kind of BH mass accretion and describég,as eMgnC2, wheree = 0.1 is the
accretion ghiciencyandc is the speed of light, induces a modified infall rate of théofelng kind:

. . L
oo = Mool = 5= - (2.11)

vir

For consistency we never allow_ to fall below zero. In this scenario, théectiveness of radio
AGN in suppressing cooling flows is greatest at late timesfandarge values of the BH mass,
which is required to successfully reproduce the luminesjtcolours and clustering of low-redshift

bright galaxies.

The ‘quasar mode’

In our model BHs accrete mass after a galaxy merger bothdghrooalescence with another BH and
by accreting cold gas, the latter being the dominant acoretiechanism. For simplicity, the BH
coalescence is modelled as a direct sum of the progenit@esathus ignoring gravitational wave
losses. Following Kaffimann & Haehneltl (2000), we assume that the gas mass accrgied d
merger is proportional to the total cold gas mass presentyib an dficiency which is lower for
smaller mass systems and for unequal mergers:

f&n Meold

AMgh,q = (2.12)

where
féH = fan (Msat/ Meentra) » (2.13)

andfgy ~ 0.03 is chosen to reproduce the observed |ddgl — Mpuge relation. Thus, any merger-
induced perturbation to the gas disk (which might come frdpasainstability or a merger-induced
starburst) can in principle drive gas onto the central BHwEMNer, the fractional contribution of
minor mergers is typically quite small, so that accretioivelr by major mergers is the dominant
mode of BH growth in our scenario. This kind of accretion, ethive callquasar modgis also
closely associated with starbursts, which occur conctlgrenVe do not model feedback from
the quasar activity in the current model, but it can be appnately represented by an enhanced
effective feedbackf@iciency for the supernovae associated with the intenseustrb
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AGN luminosity

The output of the model summarized hitherto, calleBelLucia2006a catalogue
(De_Lucia & Blaizot| 2007), is publicly available at httfwww.mpa-garching.mpg.dwillennium
(Lemson & Virgo Consortiut 2006). In this default model, &mplicity, the BH mass accretion
triggered by each merger is implemented as an instantameeus and the BH seed masses are set
equal to zero.

In order to study the evolution of AGN inside this cosmolagitramework, we improve
the original model of De Lucia & Blaizbi (2007) by adding neensi-analytical prescriptions to
describe the BH mass accretion rate during each mergerievtbieiquasar modgand its conversion
into radiation. In this implementation, BHs do not accretassiinstantaneously. Instead, the
accretion is coupled to the light curve model adopted. If @gaundergoes a merger while the
central BH is still accreting mass from a previous mergerdbid gas still to be accreted is added to
the new gas reservoir, and the accretion re-starts undeethghysical conditions. In Sedi_21B.1
we show that the BH scaling relations are weaklfiyeeted by this change. We use the following
definitions to parameterize the bolometric luminosity eéeatby accretion onto BHs, as a function
of theaccretion giciency e, and theEddington factoy fgqd(t) := Lpoi(t)/Legd(t),

Lba(t) = ﬁMBH(t)CZ
= fedd(t)Ledd(t) = fead(t) MBH(t)CZ
dt
— dinMou(t) = 5. (2.14)

whereLgqq is the Eddington luminosityteqq = or¢/(4mmpG) ~ 0.45 Gyr andtes(t) = 1= f.ZES&) is
the e-folding time e = tsaipeterdf fedd = 1).

No strong observational constraints are availableefand fgqq, the parameters that regulate
the BHs powering the AGN and, more importantly, if and howttlepend on redshift, BH masses,
AGN luminosities and so on. However, some observatioms-ad indicate that M4 < € < 0.16 and
0.1 < fgqa< 1.7 ¢M.a.r_Qo.n.Let_a|LZ)_d4). Furthermore, it has been su ehmdp_tdd may depends
on redshift (Shankar et/dl. 2004) and BH mdss_(Netzer & Teakiid In this modeling,
for simplicity, we do not follow the evolution of the BH spiifsee, e. d.AA).ID.D.LQLL&LHL.EO? and
references therein) and we take a constant mean value factnetion éiciency ofe = (e) =
at all redshifts.

For feqq, Which determines the light curves associated with indigldjuasar events, we consider
instead three dlierent prescriptions:

e |: feqq = 1, the simplest possible assumption. Here the quasar isrégh’ at its maximum
Eddington luminosity, or ‘@".

o |lI:
_ feddo z>3
fEdd(Z) = { fEdd,O . [(1 + Z)/4]1‘4 z<3

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

(2.15)
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Figure 2.1:The time evolution ofgfq (top panel), My (central panel) and Lo (bottom panel) for our
three light curve modeld (blue solid lines),ll (red short-dashed lines) andl (green lines)), for an
illustrative case of a BH of massgy = 10'M, accreting a masaMgH g = 5X 10°M,, starting at
z = 3. The three green curves, showing our madlel have been obtained by settifig = 0.5 (short
dashed)0.7 (dotted-long dashed) ar@l9 (short dashed-long dashed).
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Figure 2.2: Starting from the upper left panel down to the bottom righe,oscaling relations between

the masses of the central BHs in the simulated galaxies witHigerent properties of their hosts: the

K- and B-band bulge magnitude (top left and right panelspeesively), the bulge velocity dispersion
and mass (central left and right panels, respectively), dineular velocity of the galaxy (bottom left

panel) and the virial mass of the DM halo (bottom right panéjue dots represent the outputs of the
Delucia2006a catalogugrey and yellow shaded areas show the best fit to the modeicgions and

to the observational datasets, respectively. Startinghftbe upper left panel down to the lower right,
the yellow shaded areas refer to the best-fit relations oleibyl Marconi et &l1..(2004) (the upper two

panels of the plot), Ferraresé Ford (2005)| Haringé- Rix (2004)| Baes et hl. (2003) and, in the lower-

right panel, the four curves show the equations 4 (cyan)réefg) and 7 (magenta) i&_(ZbOZ)

and the results of Baes etlal. (2003) (red).
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Relation Normalizationd) Slope )  Scatter Scatt@§mected
log(Mgr) — 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(MgR) — log(oc) -0.26(0.16) 3.82(0.08) 0.42 0.28
log(MgH) — log(Mbuige) -2.39(0.19) 0.96(0.02) 0.58 0.50
log(MgR) — log(V¢) -1.61(0.18) 4.05(0.09) 0.45
log(Mgn) — log(Mpwm) -8.61(0.42) 1.35(0.04) 0.50

Table 2.1: Parameters of the linear fits to the scaling relations showFRigure[Z2. A correlation of the
formy= a + B8 - x has been assumed for all relations. The uncertaintiesémtrmalizations and in the
slopes are shown in parentheses. For details about the ctatigu of the Scatter and th&cattegorrected
see SecfZ23.1.

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

log(MgH) — 10g(Mpuige)  14.16(0.07) -2.21(0.01) 0.15(0.01) 0.44

Table 2.2: Parameters of the fits to the scaling relations shown in FiB. A correlation of the form
y=a+f8-X+v-x*has been assumed for all three relations. The uncertaimtigse parameters are
shown in parentheses. For details about the computatioheoScatter see Seff 213.1.

e |Il: based on the analysis of self-consistent hydrodynamioallations of galaxy mergers,
Hopkins et al. [(2005) noticed that the light curves of actiblds are complex, showing
periods of rapid accretion after “first passage” of the meggialaxies, followed by a long-
lasting quiescent phase, then a transition to a highly loosnpeaked quasar phase, finally
a fading away when quasar feedback expels gas from the réisinantre in a self-regulated
mechanism after the BH reaches a critical mass. In spitei®fctthmplexity, as a first order
approximation, the typical evolution of an active BH can ey described as a two-stage
process of a rapid, Eddington-limited growth up to a peak Bi$snpreceeded and followed
by a much longer quiescent phase with lower Eddington rakiothis latter phase, the average
time spent by AGN per logarithmic luminosity interval candpproximated am al.

2005) ] o
t Lbai(t)\”
dnloo '“'tg(loQLo) ’ (2.16)

wheretg = to(L’ > 10°L,) andto(L’ > L) is the total AGN lifetime above a given luminosity
L; to ~ 10°yr over the range Mo < Lpoi < Lpeak IN the range 18Lg < Lpeak S 10%L,,
Hopkins et al.[(2005) found thatis a function of only the AGN luminosity at the peak of its
activity, Lpeak given bya = —0.95+ 0.3210g(Lpear/10*°Ls), with @ = —0.2 (the approximate
slope of the Eddington-limited case) as an upper limit. We laterpret the Hopkins model
as describing primarily the decline phase of the quasariggiafter the black hole has grown
at the Eddington rate to a peak madgy peak = Man(tin) + 7 - AMgh,g- (1-€), whereMgy(tin)

is the initial BH mass and Mgy g is the fraction of cold gas mass accreted. Herés an
additional free parameter, in the range @ < 1. For¥ = 1 the BH emits at the Eddington
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rate. In the opposite limitA' = 0) the AGN reaches instantaneously a peak luminosity, and
the whole light curve is described by equatibn {2.16). WentbthatF = 0.7 is the value that
best matches the AGN luminosity function. We note that thierpretation of the Hopkins
model is plausible but not unique, as part of the time desdrly equation{2.16) could also
be associated with the rising part of the light curve.

From equation[{2.16) and with the following definition

Lboi(t) _ Leda(t)

fead(t) o= 3 fead(t) (2.17)
peak Lpeak
we can derive: . Y
f ‘() (L -
dedd(t) — Edd( ) peak , (218)
Lpeak - t He
= fead(t) = [ Eddo T (—109L@) & (2.19)

Here we neglected the absolute valuecopresent in equatior {Z116), for the purpose of
having feqq(t) @ decreasing function of time. Finally, from equatidnd®, (Z1F) and(Z19),
we have:

Mgh(t) = Man peakt 5= [(1 +Ct)° - ] (2.20)

whereA = el g _ 149 ¢ - (1L(;e|fk) ¢ L. To derive equatio{Z20) we styqo = 1

€  tedd
for continuity. We also |mposéEdd = 1072 as lower limit for the Eddington factor.

Figure[2Z shows the evolution ¢f44(t) (top panel) Mgy(t) (central panel) antpq(t) (bottom
panel) for an illustrative case of a BH bfgy = 10’M,, accreting a mas¥laeer = 5x 10°M,, starting
atz = 3, in the three prescriptions considered. The three gremresuefer to light curve model
I, in which we setF = 0.5 (short dashed); 0.7 (dot-long dashed) and 0.9 (short dashed-long
dashed).

Due to the present uncertainties concerning the origin ef BiH seeds and their mass
distribution, we assumilgy seeq= 10°M,, for all seed BHs, irrespective of their halo host properties
and their origin. Our results are robust with respect toltlgjgothesis since, as we have verified, they
are basically unBiected by varyingVgy seeqin the range [18— 10°]M,, atz < 3. More significant
differences occur at higher redshifts, which we will invesggatdetail in future work.

The main parameters of our model are listed in Table 1_of @retal. (2006), with the
exception of, as in_De Lucia & Blaizot (2007), the values foe fuiescent hot gas BH accretion
rate,kagn (defined in Equatior{Z10)), the star formatidfi@encyasg of equation[[Z5), and the
instantaneous recycled fraction of star formation to tHd desk, R, which we set equal t0.83 (see

Section 3.9 of Croton et AI. 2006).

2.3 Models vs. Observations

2.3.1 The BH scaling relations

Several observational evidences indicate that the ma$#es BHs hosted at the centres of galaxies
strongly correlate with dierent properties of their host bulges and DM haloes. In #isien we
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compare the most recently observed BH scaling relations-d with the predictions of the original
model ofiDe Lucia & Blaizot/(2007), i.e. the predictions wetaih when assuming instantaneous
mass accretion. We explore thigeet of specifying the mass accretion rate at the end of titose

One-parameter relations

In Figure[Z2, we show the correlation between the massdseainbdel BHs with six properties
of their hosts, the K- and B-band bulge magnitudes (&#hd M), the bulge mass and velocity
dispersion (Muge ando), the circular velocity of the galaxy and the virial mass lvé DM halo
(Vc and Mpy). The blue dots represent the outputs of the model, whilg grel yellow shaded
areas show linear best fits to the model predictions and tolikervational datasets, respectively.

The dots in the plot refer to the population of BHs hosted endéntral galaxies of FOF groups,
or subhalos. We do not include those in satellite galaxiesesin this case the host properties
cannot be determined accurately. The data we have condidezethe My — Mg and Mgy — Mg
relations of_Marconi et al! (2004) (top panels) the V- o relation of_[Eerrarese & Fard (2005)
(central left) the My — Mpuge relation ofl Haring & Rix (2004) (central right) and theghl — V.
relation of 1L (2003) (bottom left). No direct olvsgional estimate is available for the
Mgn — Mpw relation shown in the bottom right panel. The curves showthis panel have been
derived using dferent assumptions for thegyi — V. relation. In particular, the cyan, green and
magenta lines correspond to equations (4), (6) and () afFese|(2002), while the red curve is
taken fronl Baes et Al. (2003).

Model predictions for ¥ ando. have been obtained by adopting twdfeient assumptions: i)
V¢ = Vimax Where Vnhax is the maximum rotational velocity of the subhalo hosting gfalaxy at its
centre, and ii) ¥ = 1.8V, as derived by Seljhl@bZ). The bulge velocity disperstgis derived
from the \}, — ¢ relation of Baes et all (2003). In the bottom panels, the gregs correspond to a
circular velocity obtained through hypothesis i) while tireen ones, in better agreement with the
data, assume hypothesis ii).

The linear fit to the model data has been obtained using tleetoismodification to the ordinary
least squares minimization approach, proposed by Akrit&e&shady|(1996), for which the best-
fit results correspond to the bisection of those obtainethfroinimizations in the vertical and
horizontal directions. The estimator is robust and has thartage of taking into account the
possible intrinsic scatter in the relation. The values eflblest fit slope and the normalization are
listed in TabldZZll along with the scatter around the bestditine. The uncertainties of the best fit
parameters, also reported in the table, have been obtajrietposingy? , = 1.

As can be seen in Figute®.2, the best fits to the model agré@itlethat to the data, within the
scatter. We note that, in all relations plotted, the scattéhe model is larger than that of the real
data and also larger than the internal scatter observeditesirelations obtained from the recent
hydrodynamical simulations of galaxy mergers (seele.gkifisret all 2007a). However, we notice
that a large fraction of our model BHs are found in low-massteayis for which the scatter in the
scaling relation is large. On the contrary, in the real dettagand hydro-simulations) the majority
of BHs belong to massive galaxies for which, according to model, the scatter in the scaling
relation is significantly smaller. To investigate whethee tiference in the intrinsic scatter is real
or is induced by a dierent sampling of the BH population, for each BH scalingtretawe have
discretized the range of the observed host galaxy progdrtiénite bins and generated 500 sub-
samples by randomly extractimdy,(Ax) model BHs from the parent catalogue, whkggAx) is
the number of BHs in the real dataset in eachAjinWe have repeated the same fitting procedure in
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the 500 sub-samples and found that the scatter is signiffoauiLiced in this exercise, as indicated
in the last column of TablE=.1, that lists the average scattthe sub-catalogues. Therefore, the
mismatch in the scatter results from samplinfjetient BH populations: small objects in the model,
massive objects in the observations. Moreover, for thg M o relation the scatter is very close

to 0.21, which is the value measuredmﬂmowﬂj in the observed and simulated
data.

Non-linear fits

The agreement between model and data is satisfactory. Howee need to keep in mind that
the model predictions fo¥, and o and the observed relation between leig(;) and logMpwm)
have been obtained assuming further theoretical hypahé&sensequently, the more constraining
and reliable relations are the ones between the BH massehaimdige magnitudes and masses.
Focusing on these relations and thanks to the huge numbeo@délnBHs, we have been able to
investigate whether a non-linear fit provides a better maidhe data. We find that the best fit is
a quadratic functiony = « + 8 - x + y - X2. Figure[ZB shows this fit (neavy green lines), together
with the medians, the first and third quartiles (black poimith error bars) of the model output,
computed in a discrete number of bins. The internal scastsignificantly smaller than in the
linear fit case. The values of the best fit parameters aretezpor TabldZPR. While we predict, on
average, too low BH masses for a fix®ty with respect to the observations (still consistent within
the errors) the model predictions are in very good agreemihtthe data for the lod{lzn) — Mk
and logMgn) — l0g(Mbuyge) relations. Interestingly, the 3-parameters fit of theelatelation is in
excellent agreement with the one found it@OOB) @nda solid line in lower panel of
FigurelZ3B).

The fundamental plane relation

In Figure[Z}# we compare the BH fundamental plane relatioousfmodel at dierent redshifts
with that obtained by Hopkins etlal. (2007a) using both olmtésnal data and the outputs of
hydrodynamical simulations of galaxy mergers:

log(MgH/Mg) = 7.93+ 0.72log(M7,) + 1.4 109(0200).

whereM;, is the galaxy stellar mass in units of'#M, andoo is the bulge velocity dispersion
in units of 200 kms™. The red lines, bisectors of the plots, show the fundameaiéaie relation
proposed by Hopkins et al. (2007a). Model prediction areesgnted by blue dots, the black line
is the best fit to the model and the shaded areadtsdatter. At low redshifts the agreement is
very good. This is not surprising since at~ 0 our model agrees with the gy} — Mpuge and
Mgn — o scaling relations that represent fundamental plane pgiojez A discrepancy appears at
high redshifts. However, a > 3 the fit involves only few objects and therefore may not be ver
significant, especially when we account for the non-zeronsic scatter in the fundamental plane
proposed by Hopkins etlal. (2007a). A remarkable successrafiodel is that it predicts very little
evolution of the fundamental plane relation, at least out 03, in agreement Witmal.
). The intrinsic scatter, which does not evolve withet either, is 3 times larger than in
IHopkins et al. [(2007a) (we found a value aroun€é @t all redshifts, while the one reported by

IHopkins et al.|(2007a) is aboutd). As discussed previously, the mismatch is reduced whieg us
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Figure 2.3:The tree model scaling relations best constrained by olasiens. Here the black dots (with
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outputs (blue points). The magenta line in the lower pantdrgeto the best-fit relation obtained by
Wyithe (2006).
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Figure 2.5:Thelog(Mgn) — log(Mpuige) Scaling relation for our dfferent prescriptions for the BH mass
accretion. The filled dots represent model predictions,difey shaded areas show the linear fit to the
DeLucia2006anodel scaling relation and the other hatched areas indi¢h&elinear fit to the, Il and

Il light curve models, as indicated by the labels. The black dod grey shaded areas, in the lower
right panel, show the prediction obtained with the parameétion given by the equationE_(Z2]21), as
explained in§Z-373.

a number of model BHs consistent with the observed one.

Dependence on the accretion history

All scaling relations predicted by our model assume that BElsete mass instantaneously after
merging events. What happens if we relax this assumptionspedify the mass accretion rate
instead? FigurBZ2.5 shows the impact of adoptirfiedént accretion recipes on thesM— Mpyige
relation. As usual, filled dots represent model predictigiey shaded areas show the linear fit
to the DeLucia2006amodel scaling relation and the other hatched areas indibaténear fit to
the model predictions obtained with ouifférent recipes, as indicated by the labels. Clearly, these
predictions depend little on the assumed mass accretitorieis for each individual quasar event
(the fit parameters have fluctuations of no more than about T%i¥ is a consequence of the fact
that the BH scaling relations depend mainly on the total naasseted, and very little on the time
spent in the accretion process. We have verified that alk atteding relations, including also the
fundamental plane relation, does not change significantlpdopting any of the mass accretion
prescriptions described §2.2.3.
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Figure 2.6:Comparison of the BH mass function predicted by light cureeletsl, Il and Il with the
one observationally derived by Shankar €t ial. (2004), arttl thie new one obtained by Shankar (2007,

in preparation) using the My — o relation byl Tundo et al| (2007). The grey areas show the ptiedi
obtained with the parameterization given by the equatiBiZX), as explained i§Z.3.3.

2.3.2 The BH mass function

The BH mass function (MF) is defined as théfeliential co-moving number density of BHs as
a function of their mass. In Figufe2.6, we compare the BH Mé&dpmted by our model for the
prescriptions (blue line),Il (red) andll (green) with those observed by Shankar &t al. (2004) (grey
area) and by Shankar (2007, in preparation) (yellow area)a0. In neither case the BH masses
were determined directly: Shankar et al. (2004) derive tHefass from the observedg — Lpuge
relation while Shankar (2007) use thesM— o relation ofi Tundo et al| (2007). We note that the
model BH MF is in good agreement with the observed ones, witiie mass range accessible to
observations exept in the interval 10’ — 10°M,, in which the number density of model BHs is
smaller than the observed one.

We note that, as shown in Figure2.6, the model predictionshfie BH MF are robust with
respect to the prescription adopted for the mass accreisbor of the individual quasar episodes.

2.3.3 The AGN bolometric luminosity function

The luminosity function (LF) of AGN, namely the derivativé their co-moving number density
with respect to luminosity, represents a unique tool to ustded their cosmological evolution.
Semi-analytic models predict the total (bolometric) luosity of a statistically complete AGN
catalogue, and to compare model LFs with observations we toespecify a bolometric correction,
i.e. how to convert the luminosities observed in a particbknd into bolometric onem al.

11994;| Marconi et dl. 2004; Hopkins eflal. 2006a). Anotherextion is required to account for




48 Modeling the cosmological evolution of black holes and qsars

log[L,, (erg sec™1)]

42 44 46 4B 42 44 46 48 42 44 46 48
j 1T I L l :l T I‘l l_ .ll T I 1T I TTT I l‘l_
_‘ \\\ Z=O‘.1 B '/‘\\ = "
R TN, G
-6 M —- HRH \ B - -6
Cl NN | ] N I ]
[ ! NE F v
— 8 [ I N o N
© [ e T11 A . C \ \\ I ]
2 0T - 7 -10
S : A a et e
1] C \ 3 I ]
3 I D~ z=2.5 ]
=) ] - \ A
3 ' C | NE
G . - ! N P
~ ] - | S
Qg | 4 - | \\ |
5 B - | ANE
M ] C \ LN ]
N = - \ C M —10
f ' -
5 L I ] : C ! ! | ]
E el Tl P
o T4r =N ; = | 14
r I 1 \ : r N | ]
- . N . - ~ . 4
-8 | - | N — N ol — -8
C T \ \i T I B! ]
- |+ \ N T \ Ay .
-8 T | N | v, 178
C LT | LoMT | N
-10 | \ SR N \ M- \ 1 M 10
-I 11 I‘ 11 I 111 i 1 I‘I--I 11 I‘I 1 I 11 | ' 11 ‘I--I 11 11 J I 11 I:I 11 I-
10 12 14 10 12 14 10 12 14

log(Lyg/Lyg0)

Figure 2.7:The bolometric LFs predicted by our light curve mode(blue bands)]l (red bands) and

Il (green bands), in the redshift ran@el < z < 5, are here compared with the best-fits to observational
data obtained by Hopkins etlal. (2007b) (yellow bands). Tieg greas show the predictions obtained
with the parameterization given by the equations_(R.21)exgdained in§Z3.3. Uncertainties in the
model LFs are computed by assuming Poisson statistics. #&kleed vertical green lines mark the
range of the bolometric luminosities accessible to obdesma. The dotted red vertical lines show
the luminosities beyond which the LF.of Hopkins étlal. (2)@#bdicts a number of AGN in the whole
volume of our simulation smaller than 10. The vertical greyted lines around the red ones have been

calculated considering the error in the best-fil of Hopkinalé (2007b).




2.3 Models vs. Observations 49

possible incompletenessfects (see e.g. Comastri 2004; Gilli ef al._2007), which ideki the
possible existence of a population of obscured AGN whosgiframay depend on the wavelength
band and redshift_(Elvis et dl. 1994; Marconi etlal. 2004; tan€a et dll 2005; Lamastra e al.
|Eﬁfﬂ5).

Here we compare our predictions with the bolometric LF atdibyl Hopkins et all (200/7b)
from the LFs observed in fierent bands: radio (see e tal. P005), optical dspe
Kennefick et all. 1995; Schmidt efal. 1995; Koehler & i . 2000;_Fan et al.
2001b;| Wolf et all 2003; Hunt et &l. 2004; Cristiani et.al. 20@room et all 2005; Richards ef al.
2005, 12006; Siana etlal. 2006; Fontanot et al. 2007; Shankda#ur [2007;| Bongiorno et Al.
2007), infra-red (see e.§. Brown ef AL 2006; Matute 5t ab@2{Babbedge et Al. 2006), soft X-

ray (see e.gLMhLaﬂ_eLﬁlLZQbMOL_SihLetman_éﬂ.al_Zb ' IL_2005), hard X-
ray (see e.g. al. 2003b; Ueda etlal. 2 ;| Nandra et al. 2005;
' 4; Silverman etlal. 20 [2005] Shinozaki et Kl 2406;

IBeckmann et al. 2006), and from emission lines (seemy Uncertainties in these
corrections contribute to the scatter in the observed leF, io the width of the yellow areas in
Figure[ZY that show the AGN bolometric LF lof Hopkins et aD@Zb) at diferent redshifts. The
model predictions are also represented by areas wfireint colours, with a width corresponding
to 1o- Poisson error bars. The vertical, green dashed lines brdakdédolometric luminosity range
accessible to observations. The vertical, red dotted khesv the luminosities beyond which the
LF of Hapkins et al. [(2007b) predicts less than 10 AGN in thiume of our simulation, i.e. the
maximum luminosities at which our model BH sample is statadly meaningful; - uncertainties
on this maximum luminosity are represented by the two gréteddines.

From FigurdZ]7 we see that, on average, tyfight curve underestimates the AGN number
density at all epochs. However, while at high redshifts tloeleh matches the faint-end of the LF
and underpredicts the number density of the bright objéleéssituation is completely reversed at
z ~ 0, where the model correctly reproduces the number densiisight AGN but underestimates
the faint ones. At low redshifts the problem can be alleddty reducing the Eddington factor, as
in our typedl light curve. However, in this case the discrepancy betweedaihand data at high
redshifts increases. Adopting the typedight curve allows to match observations in the whole
range of luminosities in the redshift rang& & z < 1, but overestimates the number of luminous
AGN atz < 0.5 and underestimates themzat 1.

Therefore, we conclude that in our present semi-analyfreahework we can reproduce the
observed AGN LF at low and intermediate redshifts. Howeség > 1, we under-predict the
number density of bright AGN, regardless of the BH mass dicereate and light curve model
assumed for each quasar episode. To investigate if it isiiges® modify our prescription for
the mass accretion to fit the AGN LF at all redshifts, we triéledlent values offgqg ande as a
function oft and Mgy, within physically motivated ranges. Despite of the coasible freedom
in choosingfeqq(t, Mgy) we failed to find a model able to match simultaneously theenked BH
scaling relations, the BH MF, and the AGN LF, especially gthhiedshifts. We also usedft#irent
plausible values for the BH seed mass, and we still were rlettaldit the high-z LF. We interpret
this failure as an indication that our theoretical framewiself is inadequate to account fully
successfully for the AGN phenomenon.

One possible way out is to modify the model assumptions ##fticiency of BH growth in the
guasar modéollowing mergers at high z. A significantimprovement of oesults at high redshifts
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can for example be obtained by substituting equafion2ahé)ZIB) with

10°M,

_ MgH
fgn = 0.01- log ( +1)-z z>15andMgy > 10°M, (2.21)
AMBH’Q =0.01- Meoiq z2>6

while keeping prescriptioHl for the quasar light curves. The predictions of this new nhmtehe
log(MgH) — log(Mpuige) Scaling relation is shown as black dots in the bottom-rjglbt of Figure
3. Model predictions for the BH MF and AGN LF are shown intigd 2.6 anf 217, respectively.
An accretion éiciency that increases with the redshift has been alreadycaded in thelynamical
modelofCroton ). A physical justification to this assumptis provided b I|_(_:L9_b8).
Indeed, their model predicts that galactic disks were mengrally concentrated in the past, making
it more dficient the BH feeding at high redshift. It is worth stressingttequation[{Z21) might not
provide the best fit to the data as we did not explore the pamrspace systematically. However, it
suggests that a good match to the observed scaling relaBéhsIF and AGN LFs can be obtained
within our semi-analytic framework by modest changes ofBhkegrowth at high redshifts. The
solution provided by equatiofi {ZJ21) is not unique eith@rce larger amounts of mass can be
accreted also by invoking alternative mechanisms thagiérigias accretion episodes, for example
by secular evolution through disk instabilities, or by dihg to a higher gas coolingteciency (see

e.g.Viola et all 2007).

2.4 Summary of the chapter

In this chapter we have used and extended a semi-analytielfaydhe co-evolution of galaxies and
their central BHs, developed on the outputs of the MillenmiBimulation (Springel et al. 2005c),
and described in detail in_Croton ef &l. (2006) and De Lucial&i#: (2007). The aim of the
model is to reproduce the observed properties of BHs, AGNtheil galaxy hosts. The physical
assumptions in the model with respect to BH growth can beddivinto two sets. The first one
concerns the mass accretion history of the central BHs iashathere we distinguish between
radio modeand quasar mode(Croton et al! 2006). This set makes predictions for thetiora
between BH and galaxy host properties, which can be comparte observed scaling relations
between BH mass andftkrent properties of their host galaxies. The second setesfcpptions
specifies the detailed AGN activity and light curve of indiwal quasar episodes, and leads to
predictions for the AGN LF as a function of redshift. We calesied three dierent models for this
detailed AGN activity, one of them motivated by the resuftsezent hydrodynamical simulations

of galaxy mergers that include BH growth and feedback (Hopkt all 2005: Di Matteo et al. 2005;
Springel et all_2005b).
The main results of our analysis are as follows:

(i) The semi-analytic model is approximately able to reprodtiee observed BH scaling
relations over the whole range of BH masses and galaxy piepgrobed by observations. The
intrinsic scatter in the model is significantly larger tharthie data, a mismatch that can in part be
accounted for by adopting the observational selectioerizgito obtain a mock BH catalogue with
similar characteristics as the observed one.

(i) We find evidence that a quadratic relationship provides aifsigntly better fit to some of
the model scaling relationships than a linear one, as aireaticed b WG).

(iif) Our model also matches the BH fundamental plane relatio'rveﬂarbyml.
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M), and successfully predicts very little evolutibthis plane, at least out to~ 3.

(iv) The model BH mass function is in good agreement with the elskeone within the mass
range accessible by observations, except on the rarig¥ — 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 relatiand fundamental plane relation
are basically un@ected when using ffierent prescriptions for the AGN light curves of individual
quasar events. This is because these predictions are arsiyige to the model assumptions for the
absolute growth of the BHs in each merger event.

(vi) The AGN LF is systematically underestimated by assumingBlés accrete mass with a
constant Eddington factdiggg = 1. The detail of the discrepancy, however, change with liédsh
since at highz the model matches the faint-end of the LF but underprediesnumber density
of the brightest objects, while the situation is reversed at0, in agreement with the results of
several semi-analytic models (see, €.g. Marulli et al. 2@0d references therein). Reducing the
Eddington ratio, as in our light curve mode| alleviates the faint-end mismatch but amplifies the
bright-end discrepancy at high redshifts. A significant ioygment at low redshifts is obtained
when the Eddington-limited growth of the BH is followed byang quiescent phase with lower
Eddington ratios, as suggestedlby Hopkins &1 al. (2005) mpteimented in our light curve model
[l In this case our model is able to match the observed AGN LRernrterval Ol < z < 1, over
the whole range of luminosities that are accessible to ¥biens and where our predictions are
statistically significant. However, our predicted numbensity of bright AGN is still biased low at
z> 1.

(vii) Our model is able to account for all observations considémetthis work apart for the
AGN LF at high redshifts. We were not able to eliminate thismmatch by simply modifying
the accretion ficiency, €, the Eddington factorfgqq, or the BH seed mass (when considered in
physically plausible ranges). Clearly, we need to modifguagptions in the underlying semi-
analytic framework for BH growth. A simpl@d hocincrease of the mass fraction accreted during
the quasar modeat high redshift can indeed remedy the problem. Howeves, gblution is not
unique as several high-redshift modifications to the oabimodel, like new mechanisms that trigger
BH activity in addition to galaxy merging or moréieient gas cooling resulting in a larger reservoir
of cold gas, can be advocated to bring the predictions infitie observations. However, it remains
to be seen whether any of these alternatives is physicallysible.

(viii) Our model predictions a < 3 are robust to changes in the assumed BH seed mass, but
are sensitive to it at larger redshift.

From our analysis we conclude that the AGN LF at high redslkifinstitutes a strong constraint
for semi-analytic models that describe the co-evolutiogalfixies, BHs and AGN. This suggests
that significant improvements can be obtained in two wayomFthe theoretical side, we need
to develop a physically motivated mechanism capable okeesing the number density of bright
AGN atz > 1 without modifying the model predictions at low redshiftscom the observational
point of view, we need to improve the AGN LF estimates at higdtshift, both by enlarging current
highz AGN samples and by reducing the current uncertainties ratgig from bolometric and
incompleteness corrections, in particular for the popoiedf Compton Thick AGN.
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Chapter 3

The large-scale clustering of simulated
guasars

In this chapteﬂ we analyze the properties of the large-scale clusteringusfquasars simulated
using the procedure described in the previous chapter.

We show that, at all luminosities, the quasar two-point etation function is fit well by a
single power-law in the rang@.5 < r < 20h~Mpc, but its normalization is a strong function of
redshift. When we select only quasars with luminositiekiwithe range typically accessible by
today’s quasar surveys, their clustering strength depemdyg weakly on luminosity, in agreement
with observations. This holds independently of the assuigleitcurve model, since bright quasars
are black holes accreting close to the Eddington limit, anel lrosted by dark matter haloes with
a narrow mass range of a feh0*?>h~tM,. Therefore the clustering of bright quasars cannot be
used to disentangle light curve models, but such a discatan would become possible if the
observational samples can be pushed to significantly faiimbéts.

We start with a detailed introduction to the topic of this pter in §87. Then, in§33,
we describe the specific assumptions for the black hole g#wonlused to generate the quasar
population on which we base the subsequent analysis§3I8 the general properties of the
clustering of the quasar population are described and caegbavithe the most recent observational
optical data. We show the relation between luminous BH&tds and their host haloes §8.4
and finally, in§3.3, the main results of this chapter are summarized andudised

3.1 Introduction

As firstly suggested b@amw), it seems that most efntlass in todays BHs must have

been accumulated during phases of bright AGN activity. Theation of these highly{&cient

accretion phases could range from a fewyrQYu & Tremainel 2002) up to Byr m

M), values that strongly depend on the BH mass rangedsresi and on the assumed radiation

efficiency e. In fact, the precise value of this quasar lifetime is still @pen questiorwni
). Estimates of the duration of individual accretioergg using, for example, thgoximity

1This chapter follows the pap&odeling the cosmological co-evolution of supermassieekholes and galaxies Il.: the
clustering of quasars and their dark environmebiy Silvia Bonoli, Federico Marulli, Volker Springel, Simdh.M. White,
Enzo Branchini, Lauro Moscardini (MNRAS, 396, 423).
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effect (Carswell et all 1982; Baitlik et al. 1988), have suggesttsditnes of the order of 1 Myr
(Kirkman & Tytler|2008).

Haiman & Hui (2001) and Martini & Weinberd (2001a) suggestedise quasar clustering to
obtain estimates of the quasar lifetime (see also the sémiork of [Cole & Kaiser 1989). The
reasoning behind this conjecture is simple: if quasars @oagly clustered, their hosts must be
rare objects, and therefore they must also be long eventsder ¢o account for the total quasar
luminosity density observed. If, on the other hand, thaistdring is comparable to the clustering
of small dark matter haloes, their hosts must be much morar@mmand their luminous phases
must therefore have short duration.

The advent of wide-field surveys like SDSS and 2dFQSO_(YortleP000;| Croom et al.

M) with their observation of thousands of quasars hasvaed a detailed investigation of the
clustering properties of accreting BHs._Croom et lal. (208%)| Porciani et al| (2004) calculated
the correlation function of quasars observed in 2dF in tlushit range & < z < 2. Both
groups found that the clustering strength is an increasimgtion of redshift, but that it does
not depend significantly on quasar luminosity. The infewallies of the bias would suggest that
quasars of the observed luminosities are hosted by haloasfet 13°h~*M,, which remains
approximately constant with redshift, since haloes of adfixeiss are progressively more clustered
towards higher redshift (see also_Grazian ét al. 2004).oftlg the approach mml
(2001) and Martini & Weinbelgl (2001a), the estimated qudisatime would be a few 14,
reaching~ 1CPyr at the highest observed redshifts. More recent studiekmger samples and
at different redshifts have confirmed these results (Shenlet al; A@ers et all 2007a; Coil et al.
2007; daAngela et all 2008; Padmanabhan et al. 2008; Rosslet al. 2B@8)ever, the magnitude
range covered by these surveys is typically quite narrodthis may explain the lack of evidence
for a significant dependence of clustering on luminosity. eMiShen et al| (2009b) analyze the
clustering of the 10% brightest objects of their sampley tived that these quasars have a higher
bias compared to the full sample.

Using hydrodynamical simulations of isolated galaxy mesgdSpringel et dl.l 2005b;
IDi Matteo et al| 2005), Hopkins etlal. (2005) studied the hwsity distribution of accreting BHs,
whose activity is triggered by the merger event. Hopkind ef200%) found that the luminosity
distribution of the simulated AGN is equivalent to a highffi@ent accretion phase (with very high
Eddington ratios), followed by a decaying phase where AG&éhdpmost of their life. During this
extended period, they would appear as faint AGN, even thdbgy may, in fact, contain quite
massive BHSs.

Based on these results, Lidz et al. (2006) explored the dipme of quasar clustering on
luminosity, using an analytic approach to connect quabéaisk hole masses and halo masses. In a
guasar model in which the bright end of the luminosity fuoietis populated by BHs accreting close
to their peak luminosity, and the faint end is mainly popedelby BHs accreting at low Eddington
ratio, there should be no strong dependence of clusterimmgiasar luminosity, i.e., bright and faint
AGN should actually be the same type of objects, but seenffardnt stages of their evolution.
They should therefore be hosted by dark matter haloes ofssimiasses and hence exhibit similar
clustering properties. Assuming a relation between thesguB-band peak luminosity and the
mass of the host haloes, Lidz ef al. (2006) tested this piiedicand indeed found that only a
narrow range of halo masses should host active quasars,awitledian characteristic mass of
Mhao ~ 1.3 x 10M,. As pointed out by the authors, only future surveys that wlable to
observe the faint quasars in their quiescent stage will betaliest this picture, and to rule out the
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alternative hypothesis of luminosity-dependent quasasteting.

Compared to other theoretical work, we do not have to makanagsons about the halo
population hosting BHs nor about the relation between the hmass and the quasar luminosity
(or BH mass), since they are a natural outcome of the sinounlatf the galaxy formation process.
However, we have to make assumptions about the physics otcBi¢t#on, and what triggers AGN
activity. In what follows, we are especially interestedesting the assumption that galaxy mergers
are the primary physical mechanism responsible for triggeaccretion onto massive BHs. To this
end we explore the simulation predictions for quasar ciugjeand the quasar luminosity function
obtained with a pure Eddington-limited lifetime model anchadel that includes a low-luminosity

accretion mode as described in the previous chapter dndpkirmet al. [(2005) and Marulli et al.

3.2 Models for Black Hole accretion and emission

As described in details in the previous chapter, in the smmalytic model a fraction of the mass of
a halo is assigned to baryons in the form of hot gas, whichinze ¢volves, will cool and form a
galaxy. We also add a ‘seed’ BH of very small mass to each nfamiged halo. As galaxies evolve,
their central BHs are allowed to grow through mergers witheoBHs and through gas accretion
during the ‘radio mode’ and during the ‘quasar mode’. Thesauanode is the phase during which
BHs accrete most of their mass, and during which BHs can stgright AGN. In this section we
describe the dierent phases of BH growth and emission adopted in our modprierate the AGN
population used in the rest of the chapter, and review sorsie peoperties of our simulated AGN.

3.2.1 BH seeding

In L5, we described fierent scenarios for the origin of supermassive black hdesentially,
there are two competing scenarios: either they are the netswd Pop 11l stars (with masses of
~ 10?7 - 10°M,), or could they could originate from the direct collapse @ha-angular momentum
gas cloud (with masses 10°, M,).

Here we assume here that every newly-formed galaxy hoststeat8H of 1¢ M. This seed
BH may then start accreting through the processes deschidledv. Note however that a much
larger seed would only influence the BH evolution in our maatelery high redshifts, but it would
not influence the results in the redshift range of main irsiene what we present here, simply
because the large growth factor soon cancels any informabout the seed mass.

3.2.2 Radio mode

When a static hot halo has formed around a galaxy, we assate fitaction of the hot gas continues
to accrete onto the central BH, causing low-level ‘radidiaty in the galaxy center. For clarity,
this phase, which is called in jargoadio modebecause it is associated with the activity of radio
galaxies at the centre of galaxy clusters Best et al. (2af¥®s not include the powerful emission
of FRII radio loud QSOs. Following Croton etlal. (2006), thiel Brass accretion rate during these
phases ofadio modeactivity is postulated to scale as follows:

Moo o = & Meh ) ( fhot (L)S (3.1)
BHR = TACN 1M, /\ 0.1/\200km st/ '
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whereMgy is the BH massfnq is the fraction of the total halo mass in the form of hot gég,
is the virial velocity of the halo andagy is a free parameter set equal t& % 10°Mgyr in
order to reproduce the turnover at the bright end of the gdlainosity function. Sincefyq IS
approximately constant fov,;; > 150kms?, the dependence d)'ﬂBH,R on this quantity has little
effect. Note that the accretion rate given by equation (3.1yp&ally orders-of-magnitude below
the Eddington limit. In fact, the total mass growth of BHs e tadio relative to thequasar mode
(discussed below) is negligi EbO%).

It is also assumed thatdio mode feedbacknjects energy ficiently into the surrounding
medium, which can reduce or even stop the cooling flows in bahders. The mechanical heating
generated by this kind of BH mass accretion is parameterség, = eMgnc?, wheree = 0.1 is
theaccretion gficiencyandc is the speed of light. The heating modifies the infall ratetduwzoling
according to:

LeH
05v2

viIr
For consistency we never allow_ , to fall below zero. In this scenario, théectiveness of radio
AGN in suppressing cooling flows is greatest at late timesfandarge values of the BH mass,
which is required to successfully reproduce the luminesijtcolors and clustering of low-redshift
bright galaxies.

r:réool = Meool — (3.2)

3.2.3 Quasar mode

This is the phase during which BHs accrete cold gas and bpifdast of their final mass. This phase
has recently acquired the jargon nameasar modéecause it is only through the verffieient
accretion of cold gas that a BH can shine as a bright AGN, bustness that this phase is also
meant to include accretion of cold gas at low Eddington gatio

The tight relation observed locally between BH mass and tis¢ bulge (e.gl,_ Magorrian etlal.
11998;| Ferrarese & Merritt 2000; Tremaine et al. 2002; Mar&Hunt 2003) suggests that bulges
and BHs might form during the same events /andhey strongly influence each other as they
evolve. Simulations have shown that during mergers of gdmsdisk galaxies gas is channeled
toward the nuclei of the merging galaxies through gradtaai torques Barnes & Hernquiist (1996),
and this process can indeed be responsible for the formatibalges as well as for BH accretion

'Springel et al.[(2005b); Di Matteo etlal. (2005).
Based on these results, and followIng Kiaann & Haehnelt (2000), in the present work we

assume that the quasar phase is triggered by galaxy mehggnsactice, during merger events, we
assume that the BHs hosted by the merging galaxies instoialy coalesce and form a single BH
whose mass is the sum of the progenitor BHs, and that thiftiregsBH starts accreting a fraction
of the available cold gas. In the previous chapter we fouatitle need to feed BHs moréieiently

at high redshifts in order to build massive BHszy 5 without invoking super-Eddington accretion
or much more massive seed masses. In this work we assuméehatnbunt of cold gas accreted
during each merger depends linearly on red@dﬁmo

fin Meold

AMgpo =
BHQ = 1 ¥ (280km S1/Vyi)2

(1+ Zmerg) , (3:3)
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Figure 3.1:Median accreted ga&Mgn g relative to the final BH mass for each accretion event, foe¢hr
different final mass bins. The filled contours enclose2thand 75 percentiles.

wheremgq is the total mass of cold gas in the final galazysyis the redshift of the merger and

fr,nerg = fmerg (msat/ mcentrab s (3.4)

where fnerg = 0.02 is a normalization parameter chosen to match the obstwabMpy — Mguige
relation andmsa/ MeentraliS the mass ratio of the merging galaxies.

In Figure[3 we show, as a function of redshift, the mediasreted masaAMgn o, relative
to the value of the BH mass at the end of a single accretionte¥@nthree final mass bins.
Small-mass BHs accretdfieiently at all epochs (higher curve), whereas BHs that, atetind of
the accretion event, end-up in massive objects (lower guagerete most of their mass at early
times: at low-redshifts, the amount of ‘new’ gas accretectiatively small compared to the mass
already acquired. This behavior is in agreement with theasgy ‘anti-hierarchical’ growth of
BHs: observations in the soft and hard X-rays have shownthigatumber density of bright AGN
declines with decreasing redshift, while the density afitiai active nuclei shows the opposite trend
(Cowie et al.| 2003|_Stéen et al| 2003!_Ueda etlal. 2003; Hasinger et al. 2005). Henlenal.
.M) used the emission lines of type 2 AGN observed with SDsinvestigate whether the
decrease of the space density of bright objects is simplyta@edecrease in the accretion rate or
a decrease in the typical mass of actively growing BHs. Tlaegleors found that the typical mass
of BHs that are today actively accreting4s10’ M, and that larger BHs are experiencing little
accretion.

In the previous chapter we showed that,zat 0, this model for BH accretion is able to
reproduce not only the observéthy — Mgyge relation (Haring & Rix 2004), but also other scaling
relations, such as the ones between the BH mass and the gadakyl velocity dispersion or
color (Marconi & Hurll 2003; Ferrarese & Ford 2005). The 0 differential mass density of our
simulated BHs is shown in Figufe"B.2 compared with the olaEmal estimate m al.
(@). The corresponding local mass density (for our césgyowith h = 0.73) is pgy =
3.35 x 10° My, Mpc3, which is in good agreement with_Graham & Drivéer (2007) (wéerdo
these authors for a summary of the values quoted in thetlitera

To study the redshift evolution of the BH population, it isgartant to not only to consider
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Figure 3.2:Differential BH mass density at=z 0 (red thick line) compared to the observational estimate
oflShankar et al| (2004) (solid black line, with errors erseld in the grey shaded area).
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Figure 3.3:Bolometric luminosity function assuming Eddington-lgditaccretion (Mod I, blue-dashed
curve), or Eddington-limited accretion followed by a quiest phase of low luminosity (Mod Il, green-
solid curve), with errors calculated using Poisson statst The luminosity functions are compared with

the compilation of Hopkins et al. (2007b) (grey points wigstfit given by the grey band).
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Figure 3.4:Probability distribution of g4, as a function of BH mass and redshift. The limits in the BH
mass bins are shown in the first panel in units of. Mit high redshift, most of the BHs accrete at the
Eddington limit. Today, only the smallest BHs are expeili@neficient accretion.

the evolution of the BH mass, but also to relate this to théatamh output of the accretion. If we
are interested in the instantaneous brightness of a qwesanot only need to calculate how much
mass it accretes, but also how long this takes. In other wevdsneed to model the light curve
of individual phases of quasar activity. In the previouspteawe introduced and testedférent
models for the AGN light curve, and we compared our resulth thie AGN bolometric luminosity
function ofiHopkins et 4l (2007b). We here briefly describe light curve models adopted for the
present study.

At any given time, the bolometric luminosity emitted by amcr@ting BH is given by

I—bol(t) = EMaccr(t)szLEMBH(t)CZ

1—
fedd(t) Ledd(t) = feda MtBE:LEt)CZ , (3.5)

wheree is the radiative fficiency,Lgqqis the Eddington luminosityfgqq is the fraction of Eddington
luminosity emitted, andeqq = or¢/(4mm,G) ~ 0.45 Gyr (note that we are here considering only
the luminosity emitted during thguasar modghase, thus ignoring the contribution fravy ).
If, at any given time, the radiativefeciency and the Eddington ratio are known, the accretion rate
is given by:

dt

din Mgu(t) = m, (3.6)

wheretef(t) = 1= féﬁja) is the e-folding timeter = tsapeterdf feda = 1).

For simplicity, we assumed a constant radiatiieceency e = 0.1 (average value for a thin
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accretion disk, as discussed in the Apperidix A), and we eggldiferent models for the time-
evolution of fggg. In this work we choose not to explore all the four models alsed in Chapter
. Instead, we will focus on two of them, which we regard agesentative cases. The first
one illustrates the simple case of an AGN that shines at tligngtbn luminosity. It represents
a very simple model commonly used in the literature, that @gard as a reference case, despite
the fact that, as shown in the previous chapter, fails toodyece the AGN luminosity function at
low and high redshifts. The second model is very close to thdahcalled 'best’ in the previous
chapter and illustrates the impact of adopting a non tri&@N light-curve, motivated by numerical
experiments. As discussed in Chdgder 2 this second modeabgoa better fit to the AGN luminosity
function. In what follows, we present a more detailed dggian of the two models:

e Model I: fg4q4(t) = const= 1. This is the simplest case, in which we assume that, whéreact
BHSs accrete and radiate at the Eddington limit.

e Model II: Here we assume that BHs undergo an Eddington-limited pinaséeads to a peak
luminosity Lpeax Which is then followed by a long quiescent phase at progrelgslower
Eddington ratios. Following the work of Hopkins ef al. (2pO&e assume that in this long
guiescent phase the average time that an AGN spends in d@lhogarluminosity interval can

be approximated by:
dt _ Lbol(t) ‘
dnley @ tg(logLo ’ 3.7

wherety = to(L’ > 10°L.) andto(L” > L) is the total AGN lifetime above a given
luminosity L. [Hopkins et al.[(2005) found from merger simulations that- 10°yr over
the range 18, < Ly < Lpeax here, we assume always = 10°%r. In the range
10, < Lpeak < 10%Lo, IHopkins et al.[(2005) also found thatis a function of only the
AGN luminosity at the peak of its activitypeak given by = —0.95+0.32 log(Lpear/ 10*Lo),
with @ = —0.2 as an upper limit.

In this scenario, the peak luminositye.x reached at the end of the first accretion phase is
Ledd(MgH,pear), Where

MgH,peak= MaH(tin) + F - AMpHg - (1 - €). (3.8)

HereMgy(tin) is the BH mass at the beginning of the accretibNlg g is the fraction of cold
gas mass accreted, afidsets the fraction of gas that is accreted during the Eddimtiteited
phase. After this first phase, the BH keeps accreting theinéngecold gas at a progressively
slower rate, as described by equatibnl(3.7). In the modelinipe previous chapter, we
set¥ = 0.7, a value that balances the needs fiiteently building-up massive BHs and of
explaining low{gq4q BHs in the local Universe. Most of the available gas is theefccreted
during the Eddington-limited phase, and the light curve elddtroduced bml.
) is used to describe only the quiescent phase.

A direct comparison of the luminosity functions obtainethgsMod | and Mod Il is shown in
Figure[3:3B. Mod | and Mod Il give a similar population of higiminosity AGN: bright AGN are
always produced by BHs accreting close to the Eddingtort.liAti high redshifts, the faint-end of
the luminosity function produced by the two models is veryikar as well, suggesting that at very
high redshifts BHs of all masses typically accretdgt = 1. It is in the faint-end of the luminosity
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function at low redshifts where the two models predictféedent behavior for the AGN luminosity:
only Mod Il (with ¥ = 0.7) is able to fit the low-redshift faint-end of the luminosfiynction,
implying that a model in which BHs experience long, quiese&cretion phases can indeed explain
the number density of low-luminosity AGN at low redshift. i$ts because in Mod Il the average
lifetime of AGN is much higher (a larger fraction of time isesg at low luminosities); it is therefore
more probable to observe, at a given redshift, an AGN shiairigw luminosities.

We have already mentioned that observations indicatetieahbre massive BHs have accreted
most of their mass at early times, whereas in the local Uses@Hs with a masg 10’ M,
are accreting ficiently (Heckman et al. 20D4). These results have been cuedimore recently
by INetzer & Trakhtenbrbt (2007), who found that at all reftshfeqq is smaller for larger mass
BHs. Similar compilations that use emission lines to estntaddington ratios have shown that
the feaq of quasars seems to be log-normally distributed, with a peakndfgqq ~ 101 — 10706

12006; Shen et 08). In Figlrd 3.4 wengtfor Mod I, the redshift evolution
of the probability distributiorP(fgqqMgy) Of the Eddington ratios, given the BH mass. At high
redshifts all BHs accrete close to the Eddington limit. Avés redshifts instead only the smaller
BHs are accreting at high Eddington ratios, while the morssiva ones accrete at much lower rates.
Note that this figure includes all active BHs from our simiglat and therefore a direct comparison
with observed data is not possible. We postpone a more @éétailalysis of this point to a future
work, but we stress that a model with a quiescent phase couatibiat for the low-redshift behavior

of the more massive BHs (see also the recent wotk of Hopkine#atist 2008).

3.3 Clustering properties

In this section we discuss the clustering properties of onukted AGN sample. We first compare
the predicted two-point correlation with the autocorrielaof the DM particles. We then compare
the AGN clustering properties with the clustering of thekdaratter haloes of the Millennium
simulation, and in particular examine théfdrences between Mod | and Mod II. We then explore
the luminosity dependence of the clustering of the globaNA@pulation and of an optically-
visible sub-sample. Finally, we directly compare the @usig of our simulated.. quasars with
recent observational results.

3.3.1 Brief description of the correlation parameters used

We refer to AppendikB for the definition of the two-point spatorrelation functioré(r) and the
correlation lengthr.

At scales betweer 1 h™*Mpc up to few tens of Mpc the observed quasar correlationtfanc
can be approximated by a power-law, usually expressed as:

&(r) = (:—0)7 (3.9)

To calculaterp, unless otherwise stated, we will fit the two-point corrielatvith such a power-law
in the range k r < 20h~'Mpc (see the next subsection for details on this).

As also described in Append[x] B, thH#as between two classes of objects (e.g., AGN and
dark matter) is defined as the square-root of the ratio of tneesponding two-point correlation
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Figure 3.5:Upper panels: two-point correlation function of the Milldom dark matter particles (dotted
line) compared with the correlation of the AGN populationvidied into a faint and a luminous sub-
sample, depending on their bolometric luminosity (as iatid in the first panel. Central panels: bias
between the two AGN samples and the dark matter as a functispate. Lower panels: two-point
correlation from the upper panels divided by a power-lawlfi&(r) was a perfect power-law, the ratio
should be constant with scale and equal to unity (dashedzbotal line). We refer to the text for a
description of the errors.
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functions:

bacN, DM = Eaan(r) (3.10)

éom(r)

In principle, an accurate determination of the ‘cosmicasee’ errors of these quantities as
measured from the simulation could be calculated from thi@wee over many dierent realizations
of the universe. As we have only one simulation as large aglitbennium run at our disposal, this is
not practical. A reasonable alternative is to estimate tr@®by subdividing the whole Millennium
volume into sub-cubes, and then by calculating the variameeng the measurements for each of
these sub-volumes, an approach we will follow here.

In order to directly estimate the impact of the cosmic vazeaim the predicted AGN clustering,
it is necessary to model the AGN properties in mock samplsgyded to match the real ones. We
have followed this approach in a parallel wo i )), where we have used the same
semi-analytic model presented here to construct mock AGHIagues mimicking the Chandra
deep fields.

3.3.2 AGN and dark matter clustering

We here show the results for the shape of the two-point croel of the AGN sample, comparing
it to the one of the Millennium dark matter particles. For glitity, we present only the results
obtained with Mod I, since the conclusions of this subsettare independent of the assumed
model for the light curve.

In the top panels of Figufe-3.5, we plot the two-point corietaof the DM particles (dotted
line) and the two-point correlation of faint g, < 10'°L) and bright (g0 > 10'*L,) AGN (dashed
lines), at three dierent redshifts. As can be seen at a glance, the méireince betwee#py (r)
andéagn(r) lies in the normalization, they are substantially biasgdtive to each other. This bias
([€aen(r)/€pm(r)]¥?) is plotted in the next set of panels of Figurel13.5. The biapisroximately
scale-independent (at least in the range L < 20 h~'Mpc), and its average value increases with
redshift. The errorrogs,., (1) of the two-point correlation is here the variance (in lgpgse) of the
two-point correlation functions calculated in eight sudlemes. The errors on the bias have been
calculated assuming negligible error for DM autocorrelatiBy error propagation, the error on the
bias is therory(r) = b(r) oiogesey (1)(IN10)/2.

Finally, in the lower panels of Figule_3.5 we show how the pairt correlations deviate from
a power-law, that is, we divide the calculat&@) by the fit calculated using eq—(8.9). As is well
known (e.g.l_Springel et 1. 2005c), the DM correlation fimic deviates from a pure power-law at
low and intermediate scales. The AGN correlation functiooves a similar shape at intermediate
scales  ~ few h™*Mpc), but not at small scales, where the AGN two-point catieh function is
a significantly ‘better’ power-law that of the DM. This is iy reminiscent of the findings for the
clustering of galaxies (Springel et Al. 2005c).

As we will again see in the next subsection, the lack of a gtroorrelation signal at small
scales is due to the fact that our BHs accrete gas and can ahimeght AGN only after merger
events, which, in our model, happen mainly in the centradcgak of dark matter haloes (whose
mean separation is 1 h™*Mpc). Also note that each of our mergers lights up only one Big,
merged BH of the two progenitor galaxies, i.e. our model dugsaccount for the possibility that
the two BHs exhibit activity as a close quasar pair alreadyrpio coalescence. Also, as a BH is
still accreting cold gas, it can happen that its host halaye®with another halo which could have
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Figure 3.6:Two-point correlation function for the AGN sample compaiethe two-point correlation of
the Millennium FOF haloes, at various redshifts. The AGNdivéded into 4 luminosity bins (depending
on the bolometric luminosity), whereas the haloes are duriohto two bins, depending on the value of
their virial mass in units of h*M,. The AGN in this figure have been obtained using Mod Il foritjtet |
curve. In Figurd-3B, the main gierence in the correlation between the two models is higteigih

at its center another accreting BH. This is also why the taticen power at scales 1 h™*Mpc is
non-zero, but negligible. In the future, we plan to compapeige merger-triggered AGN scenario,
with a model in which the possible galaxy disk instabilitg@icould contribute in feeding BHSs.
In this last case we expect a larger AGN halo occupationidigion (number of AGN in a single
halo), and a dferent behavior in the small-scale clustering regime.

3.3.3 AGN and halo clustering

In this subsection we compare the AGN clustering with theteling of the Millennium haloes. In
our model, BHs are allowed to accrete cold gas only duringyeregvents, which are experienced
mainly by the galaxies sitting at the centers of FOF haloesdi8cussed above, only a small fraction
of AGN can be hosted by satellite haloes. Due to this uncestan the quasar pair regime, we focus
in the present work on the clustering on intermediate argklacales, and we refrain from drawing
strong conclusions from the results at scales much smaberthe average halo separation.

In Figure[3®, we show at fferent redshifts the two-point correlation function of th&M
population, divided in four luminosity bins depending oaithintrinsic bolometric luminosity. This
is compared with the two-point correlation of the FOF hajabgided into two bins according to
their virial mass. The AGN shown in this figure have been aolgdiusing Mod Il for the light
curve. The corresponding correlation lengths are showhendwer panel of FigureEZ3.7. In the
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Figure 3.7:Correlation length as a function of redshift of the AGN saengiivided in four bolometric
luminosity bins, compared with the correlation length @& Millennium FOF haloes divided in two mass
bins. The AGN have been obtained using Mod | (upper panel)ait M(lower panel) as light curve
models, respectively. Fits to the brightest bins are shoitim tive dotted curve.

upper panel of the same figure the correlation lengths of tal Abtained using Mod | are plotted,
also divided in four luminosity bins. In the analysis of tlesults, we allow the exponentof the
power-law ansatz for the correlation function to vary inkeéit. The values ofy andy for the

two models thus obtained are given in Tabld 3.1. We also fitiecbrightest bin with a quadratic
function (o(2) = a+b (1+2) + ¢ (1 +2)?) to compactly summarize the results, and the values of the
codficients are given at the end of each table.

Comparing the values of the correlation lengths obtaingt thie two models, we do not find
significant diferences, except for the faintest AGNg < 10'°L.). An enlarged view of the
behavior of the correlation strength of these faint objettgined with Mod | (solid blue curve)
and with Mod Il (dotted green curve) is shown in Figlird 3.8.iM/ht high redshifts there is hardly
any diference between the two models, at low redshift the faintatdjebtained with Mod Il are
much more strongly clustered. This is because most of thalptpn is composed of large BHs
that are accreting at loqq (as shown in FigurE=3.4) and that are hosted by large haloethel
lower panel of FigurE3318, we see that the correlation lenfthe faint objects obtained with Mod
Il is comparable to the ones of haloes Witly;, ~ 10'? — 10*3*M,,, while faint objects obtained with
a pure Eddington-limited accretion model are sitting ineal of much lower mass. Observational
clustering measurements have been used in recent yeatsriateghe typical halo masses that host
quasars (e.g., Porciani el al. 2004; Grazian et al.|2004@ et al! 2005). This is usually done by
comparing the bias of observed quasars with the halo biasraat from analytical estimates (e.g.,

' ; :n 1999). With our approach, tlstthalo mass is an output of
the simulation, and therefore we can directly examine ttegiom between black hole mass, quasar
luminosity and halo mass. I§3.4, we exploit this for a direct study of the dark environteh
luminous BHSs.

Based on Figule3.7, it seems that the redshift-evolutishe€lustering of quasars is consistent
with the redshift-evolution of the clustering of dark matteloes (quasars of a given luminosity
reside at all times in haloes of a fixed mass). Again, the ombstntial diference to this trend is
for the faint objects obtained with Mod 1I: since their cleishg is more constant with redshift, it
implies that their typical host halo mass changes with riédsh




66

The large-scale clustering of simulated quasars

Mod |
L1 L, L3 Ly
z lo Y l'o Y lo Y l'o Y
0.1 - - | 355+037 14 | 30+026 179|301+042 15
05| 40+05 169|304+029 149| 26+011 153| 3.0+0.14 149
1.0|489+037 162|332+012 163|288+0.08 15 |272+0.06 152
15| 482+02 179|334+011 157|281+0.06 156| 296+0.04 157
20| 548+03 171|348+0.03 155|328+004 155|322+006 15
25| 6.2+027 154|389+0.12 158| 357+0.07 154| 337+0.07 155
3.0/ 6.69+£023 179|481+009 16 |425+006 159|395+008 157
40| 886+062 177 |659+022 176|586+021 17 |544+011 166
5.0 - - |1889+058 204|843+044 189|6.88+0.27 181
fitfor Li:ro=a+b(1+2) +c(1+2)? witha,b,c=[4.01, -0.21,0.23]
Mod Il
L1 Lo L3 Lg
z lo Y lo Y l'o Y lo Y
0.1 - - 415+ 0.6 169|308+033 172|466+009 161
05| 457+096 196 |286+015 127| 269+01 145|418+0.08 158
10| 469+088 162| 355+0.28 158| 3.14+0.06 151 | 3.67+0.07 156
15| 56+053 189|355+016 152| 3.05+0.05 153 |377+0.07 156
20| 544+023 168 | 38+006 154 |353+004 156| 41+0.09 158
25| 6.13+036 152|4.18+011 157 |388+007 156| 44+0.09 159
30| 745+055 172| 51+011 165|463+009 16 |494+012 164
40| 1017+081 182 |6.82+022 177|6.06+016 177 |575+014 172
5.0 - - 922+0.72 201| 84+028 187|6.93+0.18 184

fitfor Lizro=a+b(1+2 +c(1+2? witha,b,c=[5.84,-1.47,0.46]

Table 3.1:Upper table: Values of the correlation lengths shown in if¢ panel of Figuré_317. Lower
table: the same, but for the AGN obtained with Mod Il (rightphof Figure[3). We also added the
values of the corresponding power-law slapéd_; corresponds to the brighter binglto the faintest. We
also give the values of the parameters of the quadratic fiedomi for the brightest bin.
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Figure 3.8:We compare here the correlation function of faint AGNL< 10*°L ) obtained using Mod

| (solid blue line) and Mod Il (dotted green line). We show tésult at very high redshift, where there is
no difference in the two models, and at low redshift, were tifem@ince becomes significant. In the lower
panel the corresponding correlation function is shown asiracfion of redshift, and the correlation of

FOF haloes is shown for reference.

3.3.4 Luminosity dependence of AGN clustering and compara with data

In this subsection we first examine the dependence of AGNagiag on luminosity, looking at the
global population, and then considering a subsample thatd\we observable in the optical band.

Observationally, quasar clustering seems not to depemuifisantly on luminosity (e.g.,
IPorciani et all 2004;_Croom etlal. 2005; Aagela et al! 2008). Onl dl._(2009b) found
indications of a luminosity-dependence of the clusterinigew they compared the two-point
correlation of their 10% brightest objects with the rest bé tsample. Figur€=3.7 provides
information on how the correlation length evolves with lamsity in our models. Except for
the faintest bin (see Figur€—B.8), there is not a substadiftdrence between the two models,
as pointed out before. In both models we see some moderalgtiemowith luminosity, and in
particular, in both cases the brightest quasar bin is sotialy more strongly clustered than the
lower luminosities.

Note that in this analysis a very large range in luminosiisesovered £ 5dex in luminosity,
corresponding te 12.5 absolute magnitudes). Observationally, the accessibdnbsity range is
always much smaller than that. To give predictions that @aodmpared with future observations,
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Figure 3.9:Space density as a function of redshift for four subsamp@kscted with B-band magnitude
cuts as indicated on the plot. The solid lines are give thesmiensity when the possible obscuration
is taking into account. If we allow all our objects to be optlg visible, we obtain the space densities
described by the dotted curves. The dashed line marks tm peiow which we have less th&00
objects remaining in in the Millennium simulation volumé&eTopen diamonds are the observed values
fromlParciani et al. (2004), obtained infrent magnitude ranges depending on the redshift (seeotext f
details). The number densities obtained with our modelgi$ia same magnitude ranges and accounting
for obscuration are indicated with the filled circles.

we now extract from the global AGN population sub-samplesptically visible bright AGN. First
of all, to account for obscuration, we calculate the frattid objects that would be visible in the
optical using the ‘observable fraction’ from_Hopkins et l007b). This gives, as a function of
luminosity, the probability for an object to be seen in a giband:

L B
f(L) = fae| —=———| , 3.11
© = too| rcraei ) 311)
wherefss = 0.260 ands = 0.082) for the B-band.

To convert from bolometric luminosity to B-band luminositye used the bolometric corrections

again from Hopkins et all (2007b):

K K
L L ! L !

bol :Cl( bol ) +C2( bol ) , (3.12)
I-band

where €1, k1, c2, k2) are respectively (85,—-0.37,9.0,-0.012) for the B-band.

In Figure[3.® we show as a function of redshift the number itfen$ our simulated AGN for
different luminosity cuts (solid lines). In order to directlyngpare our number densities with the
values inferred from observational data used for clusggmeasurements, we calculated in the same

figure the number density of objects in the magnitude raniyes dpy! Porciani et all (2004) at three
different redshifts: the values M, and Mpax are 25.32 —21.72] atz ~ 1.0, [-25.97,-22.80]
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Figure 3.10:Correlation length (top panel) and bias (lower panel) foethGN selected using the cuts of
Figure[3X9 (neglecting theffects of obscuration). Due to lack of enough objects, theaeling properties
of the two brightest bins are calculated only down te=z1.5. Our predictions are plotted together
with observational data (for the_Shen et al. (2009b), wetlidetl their lower estimates). For the bias,
the dotted line is the prediction bf Hopkins et al. (2007ajl @ine short-dashed line is the best fit from
ICroom et al. [(2005).
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Figure 3.11:Correlation length (top panel) and bias (lower panel) far quasars. The gray line is our
prediction (with errors enclosed in the grey area). The obatonal data are the same of Figure-3110.
A fit to our predicted bias as a function of redshift is giveeguation [31B).
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atz~ 1.5, and finally F26.44, —-23.37] atz ~ 2.0 (see their Table 1). Note that their value aréjn
and to convert fronB to theb;-band we used the relation given by these authors in theieAgix

1, whereMg = My, +0.07. In the Figure, our points are the black dots, while the lmens quoted by
lBo.r_Qla.nJ_eLdI |(2004) are shown with diamonds (the erroctegliby these authors are comparable
to the size of the symbol, and therefore are omitted). Theeaagent is quite good, even though we
slightly underestimate the number of bright quasas=al, as expected (see the bright-end of the
luminosity function at this redshift in FiguEe=B.3 ). In Figdi3X® we also show the number density
of our simulated AGN for the same luminosity cuts, but withaccounting for obscuration (dotted
lines). As described above, we account for obscuration leytzding for each object its probability
of being optically visible and then by randomly extractirmerts that satisfy the imposed condition.
Since this probability is a weak function of luminosity, asidce clustering analysis is independent
of random sampling, for our study we ignore tHeeet of obscuration. This allows us to push the
analysis to brighter magnitude cuts, since for a statidyi@ccurate clustering analysis we need at
least few hundred objects (the dashed horizontal line sttogvsoint at which, in the full simulation
volume, we cannot expect more than 500 objects).

The correlation lengths of the AGN selected with these lawsiity cuts are shown in Figufe 3]10.
We see that at low and intermediate redshifts the correldéngth and the bias depend weakly
on luminosity when a narrow range of luminosities is examing8ince bright quasars are always
powered by BHs accreting close to the Eddington limit, itnsealificult to use quasar clustering
observations to disentangle betweeffatent light-curve models, unless much larger luminosity
ranges are probed. The present observations indicate bowet, over the range of luminosities
observed, quasars reside in haloes of similar masses. Basmd results, we conclude that the lack
of a significant dependence of clustering on luminosity ispramarily a result of invoking light
curve models with a wide distribution of Eddington ratiost bather arises because in a merger-
driven scenario there is a small scatter in the typical hadssihosting quasars close to their peak
luminosity.

In Figure[3ID we added observational data from several syddkqualitatively compare our
results with observations. We stress though that the emmos m these figures are calculated
to describe the féect of cosmic variance as described§f.3.1; since we are here ignoring the
effect of obscuration, thus improving our statistic, a direonhparison with the error bars given by
observational works is not possible.

Most of the observed quasars have a typical magnitude arbljniCroom et al. |(2005), with
faint limits that strongly depend on redshift (at very lowdsaifts surveys can reach fainter
magnitudes, whereas at very high redshifts the limiting mitages can be higher thavl.). At
z < 1 the faintest observed magnitudes Btg ~ —22, going up tov —24 atz ~ 2 — 3. Since each
observational study usesfidirent magnitude cuts, we can not do a detailed comparistraliithe
observations available, but overall our results for theigalof the correlation length and the bias
and their evolution with redshift are in good agreement whiéhobservational results.

We also compared observational data with simulated quemansndL., calculated using
equation 9 from_Hopkins et al. (2007b), and selecting objedth an intrinsic luminosity larger
thanL./0.5dex (which corresponds to a minimum luminosity approxghaf.2 mag fainter than
M.). Our predictions for the correlation length and the biadfoobjects as a function of redshifts
are shown in FigurEZ311, again together with the availabkeovational data. The discrepancies
with [Shen et &1.[(2009b) for the correlation length can be idugifferences in the calculation of
this quantity (as already mentioned, here we do not fix theevafy). For the bias, we show also
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the best fit from_Croom et All_(2005) and the prediction_of Hoslet al. (2007a). The latter was
probably fitted only up ta = 3, thus explaining the turn-over at redshifts above 3 thaitnseto not
be consistent with the trend shown by the observations. Al @pproximation to our prediction for
the bias is given by the fitting function

b(z) = 0.42+ 0.04(1+ 2) + 0.25(1+ 2)2. (3.13)

Quasars with luminosities around are typically objects very close to their peak luminosity,
therefore correspond to objects accreting at high Eddmgitos. As mentioned before, we cannot
use these results as a sensitive test of our light curve mothwever, the good agreement with
observations indicates that our merger-triggered BH gicerenodel predicts a spatial distribution
of quasars that is consistent with observations. This isediption of a consistent model of the
joint evolution of dark matter, galaxies and black holegleng ACDM initial conditions from
high redshift to the present. While the parameters of tha-saalytic model had been tuned to fit
the bulkz = O properties of the BH population and the AGN luminosity ftioie as a function of
redshift, information on clustering had not been considénethe construction of the model, and
therefore must be regarded as genuine model predictions.

3.4 BHs, Quasars and their dark environment

In this section we explore directly the connection betweéts Bquasars and their dark matter
environment. As in our simulations the dark matter halo reetgees are the backbone upon which
the baryonic component is treated, we can also use themdyp tta dark environment of our AGN.
This in particular allows tests of the validity of the apprbaypically adopted in the interpretation
of observational quasar clustering results (€.g., Poreieal.|[2004] Croom et &l. 2005), where the
observed quasar bias is compared with the halo bias prdditeanalytical halo models (e.g.,
IMo & White 1996 Sheth & Tormen 1999).

The mass distribution of the haloes hosting AGN of given hupsities P(MyaiolLacn), iS sShown
in Figure[3IP. The AGN are here sub-divided into a faint arwlight sub-sample, depending on
their bolometric intrinsic luminosity. The cut in bolomiettuminosity is here_.., calculated in the
same way as fof3.3.4. Based on the results on the Eddington ratio distobusee Figuré3l4)
and on the clustering, we expect the distribution of the emss$ the haloes hosting bright AGN to
be similar both for Mod | and Mod Il. The mainfiierence should be in the distribution of haloes
hosting faint AGN: in the Eddington-limited model, the fe&GN population is composed of small-
mass BHs accreting at Eddington, whereas in the model toatdas a long quiescent phase the
faint-AGN population at low redshifts includes also quitassive BHs accreting at low Eddington
ratios.

In Figure[3IP we indeed see that for Mod | there is a direcpgriionality between the
luminosity of the AGN and the mass of the host halo: the baghite AGN, the larger the BH
and the host halo. Instead, for Mod Il most of the low-lumityAGN at low redshifts are hosted
by more massive haloes, i.e., massive BHs accreting at l@ingtbn ratio. In the same figures we
also plot the mass distribution of haloes hostingjuasars. To get a large enough sample, at any
given redshift we included objects in a range:®5 dex around.... The similar behavior of haloes
hostingL. quasars in both models suggests thabbjects are mainly BHs accreting close to the
Eddington limit.
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Figure 3.12:Distribution of dark matter halo masses hosting faint-AGNght AGN and L. quasars.

The vertical dashed line indicates the median of the digtidm for each luminosity bin, and we refer
the reader to the legend on the plot for details in the ¢plattern-coding. The AGN have been obtained

using Mod I (upper panel) of Mod Il (lower panel) for the lighirve, respectively.
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Figure 3.13:1n these two panels we show the redshift evolution of theanedass of dark matter haloes
hosting AGN of dferent luminosities from the previous Figufe(3.12). Forritiain the plot, we only
show the values obtained for objects witgyL< L. and with Lgg ~ L.. The dotted black curve shows
the best fit to the evolution of the typical host mass .ofjlasars. The contours indicate t&& and
75 percentiles. We overplot here estimates obtained ffgrdnt groups who examined the clustering
properties of observed quasars (see legend on the plots).

The mean values of the distributions are shown as a functforedshift in Figure[Z3113.
In recent years many groups have analyzed the clusteri fes of quasars to estimate the
typical mass of their host haloes, at low- (Padmanabhad%), intermediate! (Croom eflal.
2005;[Porciani et 4. 20b4; dingela et all 200€; Myers etlal. 2007a) and high- (Shenlét0g17p
redshifts. These works used quasars observed with SDSSI&nd/zh a typical luminosity around
L. (except for the very high-redshifts measurements). Thesesasf the dark matter haloes hosting
quasars estimated by these groups are overplotted in Hggille AImost all these estimates are in
the range predicted by our model: the typical halo mass mg@&ti quasars seems to grow up to
z~ 1.5- 2, and then it decreases again at higher redshifts. To cdippapresent our simulation
results, we fitted our results with a cubic function

Mhaio = 80 + 842 + a7 + asZ’, (3.14)

with g = [11.873;0944;-0.318;0026] for the second panel of Figure—3.13 (the values of these
codficients are similar for the fit of the, curve of the upper panel, which we omit for brevity).
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Figure 3.14:Relation of Igo of the AGN versus dark matter halo mass. In the upper panes, &idrete
according to the Mod | light curve, while in the lower paneéthredictions are produced using Mod
II. While all very bright objects are BHs accreting close teetEddington limit, the main glerence
between the two models lies in the faint objects, where we aalense population of faint AGN hosted
by large haloes (the light-green open circles in the lowengdaefer to AGN in the quiescent phase). For
reference, the dashed line marks the Eddington luminositgsponding to a BH mass &ff M,
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Figure 3.15: Mgy — Myalo relation for BHs sitting in central galaxies. The points ayar simulated
objects, and the red line is the best-fit assuming a lineati@h. The filled region encloses t2& and

75 percentiles. For reference, we show atz0.1 the result that Ferrares 2) obtained atz0
assuming ¥ = V¢ (dashed line), ¥y = 1.8w;; (dot-dashed line) and the prescription from Bullock €t al.
dZQ_Qi) for this relation (solid line). Atz 0.1 we show also the result from Shankar €t al. (2006) (dotted
curve). The point at =z 1 is the zero-point of this relation obtained by Fine et AL @4 The dashed
lines at z= 1 and at z= 2 are from_Colbergt- di Matted (2008) (for z 2 we used their result at z 3).

The horizontal dashed line marksgM = 10° M, which is approximately our resolution. This plot was
obtained assuming Mod | for the light curve, but the resutsinot change using Mod I, since the final
BH masses are the same. The diamonds-atzshow the relation between BH mass and halo mass if
BHSs accreted the available mass instantaneously.

Our results for bright quasars (objects aroundl are also consistent with the estimates of
LLidz et all. (2008) and Hopkins etlal. (2007a), who calculbs the typical mass of haloes hosting
quasars is- 4 x 10°h~'M,. These authors argue that bright and faint quasars are e type of
objects but seen in flerent evolutionary states, and therefore their typical hak mass should be
similar. Since only the brightest quasars are objects angrat highfgqg, Only for these objects we
expect a tight relation between the instantaneous luntyasid the host halo mass. The relation
between AGN luminosity and halo mass is shown in Fidurel 3lddeed, only for the very bright
guasars there is a direct proportionality between lumig@sid halo mass. These are objects that
are close to their peak luminosity, have accreted most ajéiseavailable, and at this point their BH
is tightly correlated with the mass of the host halo (see aésd figure). During the rising phase of
the light curve (even if BHs are accreting at Eddington), Bifis not yet strongly correlated with
the host halo, reflected in a lack of correlation between guiasninosity and halo mass. During
the decaying phase, Mod Il produces a dense populationmfd@jects sitting in massive haloes
(see open circles in Figuke3114).

\White et al. (2008a) claimed that the very high bias obsefeetiigh-redshift quasars implies
a small dispersion in the above relation. Estimates of hidtifgton ratios for bright objects at
high redshifts|(Kollmeier et &l. 2005; Shen efial. 2008) ulseem to support that for very bright
objects a tight relation exists between quasar luminositytealo masﬂﬁé%tl 06). However,
we would like to point out that just looking at the bright qaapopulation it is not dfticient to
distinguish between ferent light curve models.

The observed scaling relations between BH masses dfatatit properties of the host galaxy
have suggested the possibility of a more fundamental cdimmebetween the mass of the BH
and the host system. Using measurements of stellar veldidpersions and assuming a relation
between this quantity and the circular velocity of the gglard the BH mass, Ferrarese (2002),
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BBaes et dl.|(2003) and_Shankar €t al. (2006) estimated holthenass could be connected to
the dark halo mass in the local Universe. At higher redstiiftse estimates are of course more
problematic, because studies of the stellar kinematicuaagailable and we also are not certain
yet how theMgy — o relation evolves with redshift. Fine etldl. (2006) explotieel relation between
BHs and quasar host haloeszat 0.5 — 2.5 using BH virial masses estimates from the width of
broad emission lines and DM halo mass obtained from quasstecing from_Croom et all (2005).
In Figure[3.Ib, we plot théMgy — Mugao relation for our simulated BHs. We include here only
BHs residing in central galaxies of FOF haloes. This is beean our model only central galaxies
can merge, and therefore it is mainly BHs hosted by FOF halo&scan grow (the results of
ILi et all (2006b) indicate that this could be supported byeotetions) . Indeed, we find a well-
defined relation which gets tighter with decreasing redsHif the previous chapter we already
showed this relation at redshidt= 0 and we found good agreement with other WOMarese
12002; Baes et al. 200B; Shankar di al. 2006). Here we ovetpaesults of Ferrarése (2002) and
'Shankar et al. (2006) at= 0.1 for reference; at = 1 we overplot the zero-point in the relation
estimated by Fine et al. (2008ylgy = 1034£92M, for a halo 0fMpa0 = 101%°M,,) and atz = 1 and

z = 2 the results from direct hydrodynamical &mulaﬂonlm.ﬂiﬁnb.&_d.l_MalLeb ((2008) (foz = 2

we used their result &= 3).

Note that the fact that BHs need to accrete most of the avai¢es before they ‘sit’ on the above
relation could be influenced at high redshifts by the resatuimit of the Millennium simulation,
which does not resolve low-mass haloes belowt0*°h~*M,. We will explore this high-redshift
behavior in more details in future work.

3.4.1 Duty cycle

The time BHs spend shining as quasars is still an open questiee the review bmﬂm__mb@.
The definition itself of a ‘quasar lifetime’ is somewhat aguobus. Observationally it is defined as
the time BHs spend shining at luminosities higher than somi¢ (for quasars, the usual definition
is the time an active nuclei shines with a B-band magnithtie < —23 mag). Theoretically, it
can be defined in a simpler way as the total time a BH shinegyatiidington ratio. The quasar
lifetime is often also simply defined through the duty cyeldich is given by ratio of the quasar
number density and the number density of the haloes thatastrtthem:ty ~ tyubbieg/NHalo (€.9.,
/Adelberger & Steid&l 2005).

Haiman & Hui {(20011) and Martini & Weinbelrg (2001a) suggestedise the observed quasar
clustering to estimate the quasar lifetime, upon the assomghat a monotonic relation exists
between quasar luminosity and halo mass (seelalso HaehatI®98). | Adelberger & Steidel

) pointed out that the theoretical estimate of the dytye through clustering analysis depends
on the Eddington ratio distribution, on obscuration andrendcatter in the realtion between quasar
luminosity and halo mass. As we have seen, the assumptiotigiftaelation between luminosity
and halo mass is overly simplistic for realistic lifetime deds, and it is therefore interesting to use
our simulations directly to examine the distribution of gaglifetimes.

In Figure[3Ib we show the fraction of active haloes (or dytyl&), as a function of quasar
luminosity, redshift and halo mass, for both Mod | (left ps@nd Mod Il (right panels). At high
redshifts massive haloes have a very high duty cycle, i.estof haloes host a bright quasar. As
expected, the duty cycle evolves more strongly with red$trithe more luminous AGN: by redshift
z= 0.1 only~ 0.1% of the more massive haloes host a quasar, and this regudeigendent on the
light curve model assumed. Again, theéfdrence in the two models is in the faint AGN population:
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Figure 3.16:Fraction of active haloes (or duty cycle), as a function algleift, halo mass and AGN
luminosity. We compare the results obtained for Mod | (leftgds) and Mod Il (right panels).

the duty cycle of faint objects evolves strongly with rediséind mass for Mod I, since at low redshift
only the smallest haloes host an active BH. On the other gitihes AGN light curve includes a long
low-level phase, then at low redshift also massive haloe$iasting a low-luminosity object.
Estimates of the quasar lifetime obtained from quasaretusg suggest timescales of the order
of 107 — 10Pyr, depending on the redshift. At high redshiftsx 3.5),/Shen et al. (2007) estimated
lifetimes of the order of 30~ 600 Myr, while at 29 < z < 3.5 the estimated range decreases to
4 ~ 50Myr. |Porciani et dl.|(2004) suggest ~ 107yr atz ~ 1, and values approaching %@
at higher redshifts. As we approach low redshifts and thallbmiverse, the quasar lifetimes
seem to decrease:_Padmanabhanlet al. (2008) suggest ¥al0&g for their sample of quasars at
0.2 < z < 0.6. As we have shown in FiguEe_3]16, a strong evolution of thesgulifetime is also
expected from our models: at intermediate-high redshiftsresults are compatible with lifetimes
of a few 1®yr, but the detailed evolution of the duty cycle also depestdagly on the range of host
halo mass considered.

3.5 Summary of the chapter

In this chapter, we used the spatial distribution of activésBas a further test of our model for
BH accretion described in the previous chapter, and thaith&sundations on the assumption that
galaxy mergers are the primary physical mechanism resiplerfeir eficiently feeding central BHs.
Throughout the chapter, we compared the results obtaineptiad two diferent theoretical
models for the quasar lifetime: pure Eddington-limitedration (Mod 1), and a model in which
Eddington-limited accretion is followed by a long, weak r@ton phase (Mod Il), modeled after
IHopkins et al. [(2005). The main fiérence between the predictions of the two models is in the
faint-end of the luminosity function. The long low-lumintysaccretion phase allowed by Mod Il
gives rise to a large population of massive BHs that at lownéts are accreting at low Eddington
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ratios, in agreement with the observational results of,éieample, Heckman etlal._(2004) and
INetzer & Trakhtenbrbt (2007), who found that in the local émse only BHs with mass 10°'M,
are experlencmg highfiécient accretion. As also recently pointed outlby Hopkins &rdmiist

) it is only by studying the properties of the faint A@Npulation that the quiescent phase
described bﬁlﬂkﬁé 05) can be tested.

Independent of the model adopted for the light curve, thepaimt correlation function of our
simulated AGN can be approximated by a single power-lawérrémge & < r < 20h~*Mpc. The
bias between AGN and the dark matter is a strong functionashit, but, at a given epoch, it is
approximately constant in the rang® 1< r < 20 h"'Mpc. As expected, the correlation lengths
of AGN obtained with Mod | or Mod Il difer only for the faint population: the correlation length
of faint AGN obtained with Mod Il is consistent with the coliagon length of 16° — 10*h~tM,
haloes, whereas faint AGN obtained with Mod | exhibit the sastustering as 10 — 10?h~*M,,
haloes.

Recent results from optical quasar surveys like SDSS an@3dFhave not found evidence for a

strong dependence of clustering on luminosity (Porciaal|2004| Croom et al. 2005; Myers ef al.
2007af daAngela et al. 2008, e.g.,), except for Shen et al. (2009b)aettect an excess of clustering
for their 10% brightest quasars. Our results are consistéhtthese observations if we consider
only quasars with an intrinsic luminosity within the rangelped by these surveys. However,
if we compare the clustering properties of AGN over a veryeaged range of luminosity, then
the correlation length becomes a moderately strong fumatfoluminosity and the value of the
correlation length of the faint population in particulaityseen to depend on the light curve model
assumed. The fact that the clustering of the observed quédsas not depend on luminosity could
be explained in two ways: quasars offdrent luminosities are powered by BHs of the same mass
that are in diferent stages of their evolution, gnd the typical mass of haloes hosting quasars
is approximately constant for the luminosity range probgabservations. From our results the
second hypothesis seems to be clearly favoured. The mage odihaloes hosting.. quasars is
narrow enough that a significant luminosity dependenceusteling cannot be detected with the
current observational samples, independent of the ligivecoodel.

We also directly compared the clustering of aurquasars with the most recent observational
data, and found very good agreement. Since quasars at thes®kities are objects very close to
their peak luminosity, and therefore correspond to objactseting at high Eddington ratios, we
cannot, however, use these results as a sensitive test dfbucurve models. Nevertheless, the
good agreement with observations indicates that our méngerered BH accretion model predicts
a spatial distribution of quasar that is consistent witheobastions. This non-trivial outcome can be
viewed as a further success of the hierarchical galaxy foom@aradigm, and the cold dark matter
hypothesis.

We note that a similar result for the luminosity dependerfc&@N clustering has been found
in Marulli et all (2008), who analyzed mock AGN Chandra aagales constructed with the same
semi-analytic model adopted in this work. Furthermbre,ckeaet al.(2009) have recently found
very similar results modeling the AGN spatial propertieainhydrodynamical simulation.

In future work we will compare the merger-triggered quasadet with alternative suggestions
for the physical triggering mechanism of quasar activitychs as disk-instabilities occuring in
isolated galaxies. We expect that quasar clustering Statisan here be a potentially powerful
discriminant to further constrain the viable physical meder the evolution of supermassive black
holes, and their co-evolution with galaxies.
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Chapter 4

The merger bias

In the work presented in this chapﬂerwe use the large catalogues of haloes available for
the Millennium Simulation to test whether recently mergatbés exhibit stronger large-scale
clustering than other haloes of the same mass. Tfistcould help to understand the very strong
clustering of quasars at high redshift. However, we do nat §tatistically significant excess bias
for recently merged haloes over the redshift ra2ge z < 5, with the most massive haloes showing
an excess of at most5%. We also consider galaxies extracted from a semi-analybidehbuilt on
the Millennium Simulation. At fixed stellar mass, we find aresg bias of 20— 30%for recently
merged objects, decreasing with increasing stellar madse fact that recently-merged galaxies
are found in systematically more massive subhaloes thagr gilaxies of the same stellar mass
accounts for about half of this signal, and perhaps more fghfmass galaxies. The weak merger
bias of massive systems suggests that objects of mergendnature do not cluster significantly
differently than other objects of the same characteristic mass the ranges < r < 25h~* Mpc.

In §47 we introduce the problematic discussed in this chapker§idd we briefly describe the
simulation and how we identify recent mergers both of hatmekgalaxies. I3 we show results
for the merger bias both of haloes and of galaxies, and@ we discuss the implications of our
results for the clustering of quasars. A summary and commhgsfor the chapter are presented in

3.

4.1 Introduction

In the last decade, much theoretical work has tried to caimstthe cosmological evolution
of supermassive black holes (BHs) by simultaneously imétipg the statistics of quasaB#s
and their clustering as a function of redshift and lumino$i.g., Kaifmann & Haehndlt 2002;
Wyithe & Loeb LLidz et all 2006; Hopkins et al. 2007a; dker et al.. 2009| Bonoli et al.
120091 Shankar et HI. 2008, 2009b). In fact, if quasars areetds haloes whose bias is only mass-
dependent, clustering measurements can be used to infeasdM 4, Of the host dark matter halo,
which in turn provides host number densities, quasar dutiesy(here defined as the ratio between
guasar and halo number densities) and scatter in the melbgbween quasar luminosity and

halo massl(Cole & Kaiser 1980; Haehnelt €t al. 1998; Martis&nberj 2001&; Haiman & Hui

). Measuring a high bias implies high halo masses, lost hamber densities, high duty

1This chapter follows the pap&@n merger bias and the clustering of quashysSilvia Bonoli, Francesco Shankar, Simon
D.M. White, Volker Springel and J. Stuart B. Wyithe (MNRAS,jiress).
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cycles, and vice versa. At fixed duty cycle, increasing tregtec in the mea. — My relation
implies increasing the contribution of less massive and lBased haloes to the same luminosity
bin, thus lowering the overall bias.

In §L3373 we summarized the observational results on quasstediog mainly based on the large

SDSS and the 2dFQSO surveys (York et al. 2000; Croomllet a#)2@@ich have allowed a detailed
investigation of the clustering properties of accretingsBirfbm the local Universe up to ~ 5
(e.g.,Porciani et al. 20D4; Croom etlal. 2005; Shen et ald Z0ers et all 2007a; Coil et al. 2007;
daAngela et all 2008; Padmanabhan et al. 2009; Ross let al. 2@@8uming that haloes hosting
guasars are typical in the way they trace the dark matteritydiedd, these studies concluded that
quasars reside at all times in a relatively narrow range lofimassesMuao ~ 3x102-103h~1M,.

Interestingly, the very high clustering amplitude of lumirs quasars & > 3 measured with
the SDSS|(Shen etlal. 2007), has posed some nagging thabprtblems for the simultaneous
interpretation of the clustering and the luminosity fuoaotiat these epochs. The high clustering
appears to imply that the quasars live in very massive halBgsthe extreme rareness of such haloes
is difficult to reconcile with the observed quasar luminosity fiorgtespecially az ~ 4, unless a
high quasar duty cycle and a very low scatter in the Mygo relation are assumem al.

). Moreover, matching the high> 3 — 4 quasar emissivity to the low number density of
hosts constrains the ratio of the radiatiBaency of accretiore to the Eddington ratidgqq to be
€ > 0.7fgqq/ (1 + 0.7 feqg), implying e > 0.17 for fgqq > 0.25 {.S.ha.nka.Let_HLZQbS), which are rather
extreme values. However, these conclusions can be rel&xgsar hosts cluster more strongly
than typical haloes of similar mass (Wyithe & Ldeb 2009).sTould then imply that quasars live
in less massive but more numerous haloes, allowing for lauéy cycles and less extreme values
for e.

Several analytical and numerical studies have investigateether haloes of similar mass
have diterent large-scale clustering properties, depending, ioratnvial way, on their growth
history, concentration, spin, or environment (e . 11999;| L emson & Kaffimanh
11999; | Kafmann & Haehnelt_2002;_Gao eflal. 2005; 20061 &White [2007;
IAngulo et al! 2008). In particular, Wyithe & 1 oeb (2009) seggthat the possible merger-driven
nature of quasars might cause an excess bias, if the laafeedustering of recently-merged haloes
is higher than expected for typical haloes of the same mawser{fer bias”). This suggestion was

based on the model by Furlanetto & Kamionkowski (2006), whalgtically calculated that close

merging pairs might possess a merger bias of a factarbb.

Recent work has indeed shown that clustering strength dispaast only on halo mass, but also
on other parameters._Gao et al. (2005) found that later fagrhaloes with masM < M, (where
M. is the mass for whicl-(M,) = 1.69/D(2)) are less clustered than typical haloes of the same
mass (“assembly bias”dm 006) extendexstinidy to show that less concentrated
haloes more massive than the non-linear mass scale aradnst@e biased than avera@t al.
M) explored various definitions of halo formation tirmad concluded that the dependence of
clustering on halo history depends strongly on the predped of the history that is probed: while
they confirmed previous results on assembly bias, they didims any dependence of clustering
on the time of the last major merger. Other numerical work spacifically looked at merger bias
found inconclusive results, probably due to thffetient ranges of masses, redshifts and scales used
and the poor statistics available (Gottlober et al. 20@2ciRal et all 2003; Scannapieco & Thacker
2003). | Wetzel et all (2007) used a large dark matter sinmra study the clustering of very
massive haloesMuao > 5.0 x 1023h~1M,, ), and found that, at redshift < 1, merger remnants
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show an excess bias 6f5 — 10%.

In the next sections, we make use of the large, publicly alstel catalogues of the Millennium
Simulation (Springel et &l. 2005c) to explore for a widergaof masses the level of excess bias for
high redshift merger remnants.

4.2 ldentifying merging haloes and galaxies in the Millennim Simulation

4.2.1 The Millennium Simulation and its galaxy population

As already described iZ2 the Millennium Simulationl(Springel etlal. 2005c¢) is arbbdy
simulation which follows the cosmological evolution of 286~ 10'° dark matter particles,
each with mass~ 8.6 x 10°h™IM,, in a periodic box of 500~'Mpc on a side. The
cosmological parameters used in the simulation are cemsistith the WMAP1 & 2dFGRS
‘concordance’ACDM framework: Q. = 0.25, Q, = 0.75, o0g = 0.9, Hubble parameter
h = Ho/100 kmsiMpc™ = 0.73 and primordial spectral index = 1 (Spergel et al. 2003). In
this chapter we focus on the clustering of galaxies and Bdi@en z = 2 toz = 5, where the
time between two simulation outputs varies from approxetya200 Myr to 100 Myr. This time
resolution is good enough to capture merger events releindyin these time intervals any change
in the large-scale distribution of merger remnants is oggjke.

Detailed merger trees were constructed for the simulatjoidéntifying haloes and subhaloes
with, respectively, a friends-of-friends (FOF) group-&mn@nd an extended version of theBFIND
algorithm (Springel et al. 2001a): particles are includedtie same FOF group if their mutual
separation is less than2of the mean particle separation. T®@BFIND algorithm then identifies
locally overdense and self-bound particle structuresiwi#OF groups to isolate bound subhaloes
(which are required to contain a minimum of 20 particles)r feother details on the Millennium
Simulation and the tree building procedure we refer theeetulSpringel et all (2005c).

The formation and evolution of galaxies has been followe@ ipost-processing simulation
which uses the dark matter merger trees as basic input cechlvith analytical treatments of the
most important baryonic physics in galaxy formation, intthg the growth of central BHs (see
chapteilR). This has produced remarkably successful gdtaryation models which reproduce
a large set of observational findings about the local and heglshift galaxy populations with
good accuracy. While not perfect, this match justifies sarfisdl trust in the basic paradigm of
hierarchical galaxy formation in CDM cosmologies, and wvaties detailed studies of the merger
and clustering statistics using the Millennium SimulatioBelow we describe our definition of
major mergers both for dark matter haloes and galaxies,hwitgs at the heart of our investigation
of the merger bias phenomenon.

4.2.2 Halo mergers

We note that dferent definitions of halo formation time have led to somevdi@trent quantitative
conclusions regarding thefect of assembly history on the large-scale clustering cbdwle.g.,
Gao et all 2005; Wechsler ef al. 2006; Li etlal. 2008). Here meeirterested in the possible bias
caused by recent merger activity, which might induce a mivat relation between the clustering
of dark matter haloes and objects whose formation is trig@yby mergers (such as quasars). We are
therefore not interested in tracking the full mass accrefistory of dark matter haloes, but rather
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want to focus on the violent major merger events that areghoto trigger éicient BH accretion
and starburst activity.

In the present work, we consider amjor mergerghose events in which two separate haloes
with comparable masses encounter each other for the first tivat is, when they join the same FOF
group. At a given timez,, we define as recently merged haloes those that, at the peest@pshot
Z,-1, have two or more progenitors belonging to separate FOFRpgratnose mass (defined through
the number of particles of the FOF group) was20% that of the descendant (corresponding to
a minimum ratiomsa © Meenral = 1 : 4). This choice of mass ratio is motivated by results of
simulations of galaxy mergers: for example, Younger t2008) found that, for mergers above
the 1 : 4 threshold, galactic discs are completely destrayetblack holesféciently fed. In any
case, we checked that adopting fietient threshold does not change our conclusions. Our definit
of a major merger is similar to the onelof Scannapieco & Tha ), who defined as merger
remnants haloes that, within the time interval of a singlgpsiot, accreted at least 20% of their final
mass. These authors, however, also considered haloexf®atemced considerable smooth mass
accretion, whereas we strictly require the merger remmabé tthe product of the encounter of two
sufficiently massive FOF progenitors. We note that Wetzelle26l07) used dferent definitions
of halo merger, finding their results depend on the value efrtiass ratio, but they seem to be
independent of the precise definition of halo merger.

In our definition of major mergers we also include encountéigroups that at some later time
might split again. This can occasionally happen since th& B@orithm sometimes links two
haloes that are just passing close to each other but thaeifuthre will (at least temporarily)
separate again. To check whether this might impact our dvesalts, we also used the merger
trees extracted from the Millennium Simulationlby Genellef2009), who carefully excluded all
mergers of FOF groups containing subhaloes that at a futaeewill belong to two dfferent FOF
groups. Moreovef, Genel ef] 09) define as halo masaithesjust the gravitationally bound
particles. We checked, however, that our results do notgdarhen switching to trlﬁne_mi al.

) halo trees. The flierences from our reference catalogufed the halo population only at
very low redshifts and at low halo masses, much below theemng§interest here.

We have also checked that our definition of halo mass baseleonumber of linked particles
instead of a spherical overdensity mass estimate doesfli@ot aur result. As an alternative to
the FOF group masses, we used as group masses the mass methadius that encloses a mean
overdensity of 200 times the critical density, or the mashiwithe radius where the overdensity
is that expected for virialization in the generalized ta-bollapse model for our cosmology.
However, we found that this did not lead to any significaffifedences in the large-scale clustering
properties of haloes as a function of mass.

4.2.3 Galaxy mergers

In the Millennium Simulation, the orbits of dark matter salies are followed until tidal truncation
and stripping due to encounters with larger objects catesa th fall below the simulation resolution
limit (20 particles, equivalent to a mass of 1.7 x 10*°h~*M,). Galaxies follow the orbits of
their host subhalo until this point, and then their remaingurvival time as satellite galaxies is
estimated using their current orbit and the dynamicalifiicformula of Binney & Tremaine (1987),
calibrated as ih De Lucia & BlaiZot (2007). At the end of thigeirval, a satellite galaxy is assumed
to merge with the central galaxy of the host dark matter hatach can either be a subhalo or, more
frequently, the main halo of the associated FOF group (Ametial| 2009).
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In the event of a minor galaxy merger, the cold gas of thelgatghlaxy is transferred to the disc
component of the central galaxy together with the starsysred in a starburst (as described below);
moreover, the bulge of the central galaxy grows by incorpagaall the stars of the satellite. If
instead a major galaxy merger has occurred, the discs ofdsogenitors are destroyed and all stars
in the merger remnant are gathered into the spheroidal lmaggonent. In the galaxy formation
model studied here, the starbursts induced by galaxy neayerdescribed using the “collisional
starburst” prescription introduced by Somerville €t aDd2): the fractioreyst of cold gas which
is converted into stars in the merger remnant is given @y;st = Bours{Msat/ Meentra) ™, Where
%: 0.7 andBpurst = 0.56, chosen to provide a good fit to the numerical resul.

).
We define as major merger remnants those galaxies that hmatee immediately preceding
simulation output, two progenitors with stellar massegdathan 20% of the stellar component of
the descendant (as for the FOF haloes, this imposes a minmmass ratians,: : Meentrai = 1 & 4).
Note that this definition is close, but not identical, to th&tidction between mingmajor mergers
adopted in the underlying galaxy formation model.

4.3 Results

4.3.1 Clustering analysis and the excess bi&s

We refer to AppendiXB for the definition of the correlatiomfiion and the bias. But, since the
number density of merging objects at a given snapshot isolwddr a statistically significant auto-
correlation study (se84.4), we adopt a cross-correlation analysis instead. Bidase the bias is
given by

1 &ur(r)
br om (1) éom(r)”

wherebgr pw(r) is the bias (relative to the dark matter) of the populati@nase using as reference
in our cross-correlation analysis, a&idr(r) is the cross-correlation function between the haloes
and the reference population. By definition, the bias is ation of scale. However, the scale
dependence becomes weak or even vanishes at large scahes. W& are here interested in the
behavior of the merger bias at very large scales, we estithatbias on these scales by finding
the best constant value over the range 6 < 25h !t Mpc. This adds robustness to our results by
reducing noise from counting statistics.

We can define the merger bias as the excess in the clusterigrger remnants at large scales
with respect to the global population of objects selecteth similar properties:

br.om(r) = (4.1)

F(r) = émr(r)/énr(r), (4.2)

whereéy r is the cross-correlation between merger remnants and ftrenee sample, argj; r is
the cross-correlation between the global population aaddference sample.

We estimate errors for our measurements using the bootegtpd, generating for each sample
50 bootstrapped samples of the same size, drawn at randomttfeoparent sample and allowing for
repetitions (the error estimates converge already whergysst a few dozen bootstrap samples).
For each bootstrap sample, we calculate the correlatiastiums, the bias and the excess bias. The
standard deviation among these quantities is then takenr@sestimate. Recentl al.
(|ZO_D$) pointed out that the variance on the two-point catieh function is overestimated when
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Figure 4.1: Upper panels: Examples of the two-point cross-correlationction at z= 2 and z= 4
(left and right, respectively) between the reference sangpld the haloes with mass in the range
2.0 < Mualo < 4.0 x 102h™1 M,, (blue-dotted lines), and between the reference sample fEndub-
sample of recently merged haloes (red lines). The autoetation of the underlying dark matter is
shown as dot-dashed lineVliddle panels Bias as a function of scale for all the haloes in the mass
bin (blue triangles), for the corresponding merger remisainéd bow-ties) and for the reference sample
(black squares). The horizontal lines indicate the fit toghants, over the range indicated by the vertical
dotted lines. Lower panels: Excess bias F for the merger etarelative to the whole halo population
as a function of scale. The horizontal dashed line indic&tes 1. We refer the reader to the text for
details of the calculation of errors and the fitting proceelur
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Figure 4.2:Bias and F parameter as a function of redshift, from the beebfained for the halo samples
shown in FigurdZJ1.

calculated with bootstrap techniques. Keeping this in mimel deliberately choose the bootstrap
method in order to be conservative in our error estimatesotiar option would have been to

estimate errors by subdividing the whole Millennium volum® subvolumes (for example eight

octants) and then to calculate the variance of{ngmeasured within individual subvolumes. This
method becomes inaccurate at large scales (few tens of Miecjodthe smaller volume probed by

each subvolume.

4.3.2 The merger bias for DM haloes

In our study of the merger bias for haloes we proceed as fetlow

e We take all FOF haloes with mass in the range B0 < My < 1.6 x 103 h™1 M. For
the redshifts analyzed in this work, this mass range is wmdlva the collapsing magdH.,
defined by:o(M,) = 1.69 (atz = 2, M, ~ 1.3x 10'° h"'M,). This entire sample is used
as reference sample for the cross-correlation analysis.ldtge enough that the error on its
auto-correlation can be safely neglected with respecthieratources of error in theandF
parameters (it is composed of3.5 x 10* haloes az = 5 up to~ 5.5 x 10° atz = 2).

e We subdivide this sample into five mass-bins, with constageidithmic spacing log Myaio =
0.3 (a factor of two in mass). We will refer to these five sampkeklia

e We then checked which haloes in each of the bindHpthad a recent major merger, as
described infL.2Z2. The subsamples of recently-merged objects are elériytM;. The
fraction of merger remnants is 10% atz = 2, and increases to 1520% atz = 5. The mass
bins are narrow enough that, within each bin, the merger aetsrand the parent population
have dfectively the same distribution of masses.

For the bootstrap error calculation, we created 50 sampdes €ach of theéH; halo samples, and
from these new samples we extracted the correspondinggats of the recently-merged haloes.
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Figure 4.3: Excess bias for DM haloes in separate mass bins, as indidategch panel in units of
102 h~1 M.
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If £ém,.r IS the cross correlation between the merger remnants amdfgrence sample, ag@l, r
is the cross correlation between all the haloes in the bintaadeference sample, the excess bias
parameter is given by = &y, r/&n, r- One of our principal aims is to quantify how muEldeviates
from unity.

In Figure[41, we show at two fierent redshifts an example of the two-point cross-coiimiat
function, the bias and th& parameter for haloes with masses in the range 2 Mpyao <
4.0 x 10'2h 1 M,. In the top panels, the red and blue curves are the crosskation functions
between the reference sample and the merger and parentnabdes, respectively. The error bars
show the 1r dispersion of the bootstrap samples. The correlation polngrs at small scales as
expected for FOF haloes (by definition, two haloes cannotideec than twice their virial radius,
hence the “thalo” term, i.e., the contribution to the correlation funatfrom subhaloes within the
virial radius, is missing). In the middle panels, we showaatrescale the bias of the merger sample,
of the parent sample and of the reference sample (red bewHiee triangles and black squares,
respectively); in the lower panels the excess Ifias &y, r/En,. R IS also shown as a function of
scale. The errors on each pointbitandF) are from the b- dispersion of the biad) calculated
for each bootstrap sample. Both foandF the horizontal lines show the best constant fits to the
points in the range & r < 25h~'Mpc.

The resulting fits for the bias artélas a function of redshift are shown in Figlitel4.2. The errors
on these fits are given by therldispersion of the fits calculated for each bootstrap sanipie
excess bia§ corresponding to each halo mass bin considered is showrgurdtZLB. If at a given
snapshot there are less than 10 mergers, we do not show tlig se@tce the corresponding cross-
correlation function would be too noisy. That is why for thigher mass-bins (lower panels) the
results are not shown at all redshifts.

In these results, we do not find any statistically significaetrger bias, over the full redshift
range probed in our analysis. Only in the most massive bawgg(l panels), we see a small deviation
of theF from unity, which is at most at the 5% level for the smallest redshift. At high redshifts,
we also see a small bias deficit, but the larger error bareptaws from making firm conclusions
on this deficit. We stress that switching to the Genel et 41083 catalogs or changing our mass
definition, as well as adopting a higher mass ratio, doesltestthe results presented in the Figures
discussed above.

4.3.3 The merger bias for galaxies

We investigated the merger bias of galaxies with a procesiandar to the one adopted above for
dark matter haloes. All the galaxies with stellar mass irrémge 510° < Mgiar < 1.6 x 10t h™tM
have been divided into five mass biig, and from each bin we extracted subsamples of recently-
merged galaxie®;, obtained as described $#8.2.3. We use as reference sample the entire galaxy
population in this range (510° < Mgtar < 1.6 x 10 h™*M,, which is composed of 10° galaxies
atz = 5upto~ 1.4 x 10° atz = 2). This sample is again large enough that the error on its
auto-correlation can be safely neglected.

In Figure[L#, we show an example of the two-point crossetation function for the
intermediate mass bin. We refer to the description of Figlillefor details on the derivation of
the biash and the excess bi&s Unlike for FOF groups, where it only makes sense to congiuer
clustering properties on large scales, for the galaxiesamecompute the correlation function down
to very small scales 0.01 h™Mpc, allowing for a rather accurate description of the lshtarm
as well, at least at < 4. We find that while~ at large scales is approximately constant, it steadily
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Figure 4.4: Upper panels: Examples of the two-point cross-correlationction at z= 2 and z= 4
(as labeled) between the reference sample and galaxiesstatlar mass in the rang2.0 < Mg <
4.0 x 10*° h™M,, (blue-dotted lines), and between the reference samplerandub-sample of similar
mass merger remnants (red lines). The auto-correlationhef underlying dark matter is shown as
dot-dashed line.Middle panels Bias as a function of scale for all the galaxies in the mass (biue
triangles), for the corresponding merged galaxies (red @), and for the reference sample (black
squares). The horizontal lines show fits to the points, overrange indicated by the vertical dotted
lines. Lower panels: Excess bias F for the merged galaxikegive to the whole galaxy population as a
function of scale. The horizontal dashed line indicates lseace of excess bias (i.e.#1). We refer
the reader to the text for details of the calculation of esr@nd the fitting procedure.
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Figure 4.5: Excess bias between merger remnants and the parent galgpuigbion (solid lines), for

different stellar mass bins (the mass range is indicated in thpeufeft corner of each panel in units
of 10'%~IM,). The dashed lines show the excess bias after matching shédtion of host subhalo
masses. No excess bias is present4# E (thin dotted line).

increases at the smallest scales probed by our study. Theetidet of a steady increase of the
excess bia§ with decreasing scale might be of potential interest. Qlaggmally, there are some

indication of a rise in the quasar clustering at small scﬁmb_eLeLdLﬂld)G.;_Hﬂn.nawLei al._2D086,
2009;| Myers et al. 2007h, 2008; Shen et al. 2009a), and ohieereétical works have also found

such an excess for recently merged subhaloes (Thackei26G#; Wetzel et al. 2009). Indeed, a
detailed comparison between model predictions and thenodxemall-scale clustering of quasars
at different redshift and luminosity thresholds could also previitsights on the merger-driven

nature of quasars, and we postpone a more careful analy$is slubject to future work.

The excess biak fitted on scales larger thantB*Mpc is plotted as a function of stellar mass
and redshift in Figur€4l5 (solid lines). Excess bias of &@e- 30% F ~ 1.2 — 1.3) is clearly
present for all mass bins and at all redshifts, despite tige larror bars at the highest redshifts. In
essence, we find that, at fixed stellar mass, recently meigedigs are more strongly clustered on
large scales.

We also examined the mass-distribution of the dark mattbhaloes hosting the galaxies
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considered in this analysis. For galaxies that sit in thenntailo of a FOF group, this mass is

given by the virial mass of the group (defined as the mass nvitie radius that encloses a mean
overdensity of 200 times the critical density of the simiola}, whereas for galaxies that are located
in substructures, the parent halo mass is defined simplyeaaumber of particles bound to the

substructure (as determined by tB@BFIND algorithm). We found that, for each galaxy bin, the
distribution of masses of the host subhaloes is typicalyyiormal, and peaks at systematically
higher subhalo masses for recently-merged galaxies. Tdembkost subhalo masses for the stellar-
mass bins are shown as a function of redshift in Figurde 4.6.

This raises the natural question of whether the excess kigstéd for galaxies could be due
simply to this dfset in the typical mass of the host subhalo population. Tobttes idea, we
generated for each galaxy bin a new parent galaxy populatitmthe same distributions of stellar
massand host subhalo mass. The excess bias between this “corregédaky population and the
corresponding recently-merged galaxies is shown in Figuleas a dashed line. This exercise
significantly decreases the excess bias signal, and noddgandence on stellar mass or redshift
remains. Nevertheless, a statistically significant exbéess (at the- 10— 20% level) still seems to
be present, especially for the lower stellar-mass binsutmsary, while for FOF dark matter haloes
we did not find any statistically significant merger bias,dafaxies a signal is present at a level of
~ 10- 20% for the smallest systems. However, when we restriciebees to galaxies at the center
of FOF groups{ 75-85% of galaxies at = 2 and~ 95-98% atz = 5, depending on stellar mass),
the excess bias approaches that obtained for dark mattershalone§4.3:2). The difering results
obtained for haloes and the galaxy population must thegdferdue to the physics of the merger
of galaxies, which goes beyond that of halo merging. Wetzal 2009) and Angulo et al. (2009)
found that recently-merged dark matter satellites sit imemassive haloes. This could in principle
explain the diferent large-scale clustering behaviour, when includirexctuding satellite galaxies.
However, even when matching by halo mass instead of subheds,we do not find an appreciable
difference in the results. The treatment of satellite mergetdllia topic of active research in galaxy
formation modelling, and we thus do not want to make firm cosicins on these results.

4.4 Implications for the clustering of quasars

The large clustering amplitude of quasars observed by Steih(@007) at high redshift appears to
suggest that these objects live in very massive haloes.gur&€LY, the bias associated with FOF
halo merger events for fierent mass ranges and affeient redshifts, is compared to the observed
quasar bidk as calculated by Shen ef al. (2009b). The high observetecding is compatible with
the clustering associated with the most massive DM haloeshyat least up ta ~ 4, we find to be
in better agreement with the analytical prediction@@), rather than those lof Sheth €t al.
), though still somewhat higher at the highest retshif

As discussed i§ 21, the high observed clustering signal forces quasar lmtaladopt extreme
values for some of the relevant parameters, such as asswaipdow scatter in thd. — My
relation, high duty cycles, and high radiativieiencies [(White et al. 2008b; Shankar di al. 2008).
However, an excess bias applying specifically to quasasluashpared with random haloes of the
same mass might reduce the need for such strong assumptigitee & | oeb!2000). The results

2To correct for the dterent cosmologies used, the large scale quasar bias mﬂmmse‘ronmm%) have been
multiplied by Dsned2) 07g, 0.78/(Dwmin (2) 078, 0.9), WhereDspenand Dy are the growth factor calculated for the cosmology used
bylShen et 41[(200Db) and the Millennium cosmology, respelgt
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Figure 4.6:Median host DM subhalo mass corresponding ffedént stellar masses atfférent redshifts.
The red bow-ties correspond to haloes hosting recently etegalaxies whereas blue triangles refer
to the corresponding parent population. The error bars esant the25 and 75 percentiles of the
distribution.

of the previous sections for massive haloes and galaxiagsept a challenge to this attractive
explanation, at least if the excess bias is to be of mergegimoriFigure[4Y suggests that quasars
atz > 2 live in haloes~ 10" h™'M,, which is broadly consistent with the average host halo mass

estimated for lower redshift quasars (e.g., Croom ket al5p00

If bright quasars have no significant excess bias due totieiger-driven nature, as our results
suggest, then either there is another unknown source o$gxias, or, more simply, their clustering
must trace the clustering of their host DM haloes and therejmmncy mentioned above must be
explained in some other way. At this point it is therefore artpnt to carry out a simple consistency
check to see if there are enough massive haloes to host thedusquasars actually observed in
SDSS arz > 3.

In the upper panel of Figule~3.8, we compare the number geasibbserved high-redshift
quasars from_Shen etlal. (2007) with the number density obntajlo mergers in the Millennium
Simulation. Note that the information extracted from thedation is arate of mergers, i.e., the
number of merger events within the time interval between swapshots (se¢i.d). Therefore,
when comparing with quasar number densities we are forcaddome a quasar optical visibility
time ty, that several independent studies have constrained toldtéveéy short and of the order
of tg ~ 107 - 10° yr (e.g., Shankar et El. 2004; Marconi etlal. 2004; MaftirD20Yu & Lu 2004;
BBird et al.l2008, and references therein). In Fidiré 4.8 weosh to multiply the rates by a quasar
visibility time of 10%yr, which is, at those redshifts, the approximate time betwsvo snapshots
of the Millennium Simulation. The resulting cumulative niben densities are plotted in Figurel4.8
and are compared with the Shen étlal. (2007) quasar numbsitidenThe latter, taken from Table
5 inlShen et a1.(2007) and converted to our cosmology, anershdth a grey band in Figule4.8,
which takes into account a factor of three uncertainty dysossible sources not visible in optical

surveys due to obscuratimtust extinction and selectiorffects (from Hopkins et all (2007b), the
fraction of optically visible bright AGN is- 1/3) .




94 The merger bias

20»,‘,,,,‘,,,,YVVVVYVVVVXVVVVYVVVVXVA
® Shen et al. 09

4.0_8.0

15

Figure 4.7:Bias of FOF halo merger remnants as a function of redshiftdigierent mass ranges (as

indicated on the plots, in units @0*?h~1M,). The symbols indicate the bias of bright quasars calcualate
byShen et all (2008b), inferred from the clustering obstioma of Shen et all (2007) (at each redshift,
IShen et d1/(2009b) quote two values for the bias, which cameihcluding or excluding negative points

of the correlation function when performing the power-lats o calculate the bias)

From this plot we conclude find that i§ > 10 yr, there are potentially enough mergers of
massive haloes in the Millennium Simulation to match the bermdensity and the large-scale
clustering properties of > 3 quasars. A merger model would require a fraction 20-25%atids
with massz 8 x 102 h™'M,, to be active at 3< z < 4, in nice agreement with the analytical
models of Shankar et al. (2008), who find a duty cycle @f-00.4 within the same redshift range.
We stress here that our mapping between haloes and quasgestaeany scatter between halo
mass and quasar luminosity, which could spoil the agreeaeedtscussed by White el al. (2008b).
Significant scatter in thegso— Mnalo relation would decrease the bias of quasars, since manywoul
be hosted by lower mass (and hence less clustered) haloes.

The red-colored, dotted lines in Figurel4.8 mark insteadctimaulative number densities of
galaxy major mergers abovefidirent final masses, as labeled. The galaxy model predidtsoiina
average, the most massive galaxies that recently meMed:(8 x 10'° h~*M,) reside in the most
massive haloes of mass 8 x 10*2 h~IM,, with a stellar-to-halo mass ratio consistent with the
one empirically inferred from the cumulative number matchbetween the stellar and halo mass
functions (e.gl, Vale & Ostriker 2004; Shankar el al. 2006n@y & Wechslet 2009; Moster etlal.

). However, we find that the number of major mergers fohsnassive galaxies is below the
number of major mergers of the corresponding hosts, adylezen in Figuré&Zl8 when comparing
dotted to solid lines.

Keeping in mind that dynamical friction causes a time delegeen halo mergers and galaxy
mergers, there are several reasons why the number of me&fjkedoes and galaxies at a given
redshift is not equivalent. First of all, when two haloes geertheir host galaxies will merge at
some later time only if the new satellite halo loses enoughsna fall below the resolution limit
of the simulation. Moreover, in the current treatment obgglmergers, when a galaxy becomes a
satellite, it loses its hot gas component; cooling is thémbited and the stellar component grows
only moderately from the cold gas previously available (eferthe reader
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Figure 4.8:Upper panel: Number density of observed bright quasars Bhmn et 41..(2007) (gray line),
compared with the number of major mergers in the MillenniumuBation, obtained by multiplying the
merger rate by a quasar lifetimg & 10%yr. The solid blue lines refer to the cumulative number demsity
halo mergers, whereas the red dotted lines show the cumelatimber of galaxy mergers. The minimum
mass corresponding to each line is shown in the plot in uriifs@°h~1M,] for the galaxies and in units
of [10*2h~1M,] for the haloes. The number densities quoted_by Shen et 8i7)2@ve been multiplied
by a factor of three to account for objects missing from @tsurveys due to obscuration. Lower panel:
Number of major mergers for the most massive bins of galaddshaloes (M = 8 x 10'° h~*M,, and
My = 8 x 102 h™1M,,), obtained assuming gierent threshold for the mass ratios, as labeled.

M) for a more detailed discussion on this). Therefdtbpagh a given FOF halo merger may
be counted as a major merger, by the time the correspondiagygaerger occurs it may fall below
our chosen threshold for a major merger. In any case, desm@téact that the number of major
mergers is lower for galaxies than for haloes, the numberesfjers of galaxies more massive than
(Mg 2 4 x 10'° h=1M,) is still large enough to explain the observed number diessif bright
quasars.

Here we have assumed that only mergers with mass ratio ahevedopted threshold (1 : 4)
are able to trigger quasar activity. If a quasar could beddron also by less dramatic events, the
number density of predicted quasars would be higher. Inalver panel of Figure-418, we show the
number density of merger events wittitdrent mass ratios mass ratio, for the most massive galaxies
and haloes and assuming again an average lifetime&yf1Grom a 1 : 3to a 1 : 8 mass ratio,
the number of mergers increases but only by a factor-ef32and, even for the 1 : 8 threshold the
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Figure 4.9:Upper panel: Bias of simulated bright quasars (B-band magte < —24 mag), compared
with the bias of randomly selected subhaloes with the sanss migtribution as the ones hosting the
quasars. Lower panel: Excess clustering between the twolatpns.

number of galaxy mergers is notfSugient to explain the observed quasar number densitiesssinle
the lifetime of bright quasars is much longer thaykr0We note that the number of galaxy mergers
evolves more rapidly than the one of halo mergers, and, by, the two are discrepant only by a
factor of a few.

Taken at face value, the galaxy model would then predict tiatSDSS luminous quasars
detected at > 2 should be hosted by galaxies as massive dsx 10'° h™M,. Given that virial
relations point to BHs more massive thar8 x 10°M,,, this would suggest an increase, by a factor
of > 3, of the BH-to-stellar mass ratio with respect to local eal(Haring & RiX 2004). In addition,
we find that the clustering of galaxies with stellar md&s > 4 x 10'° h~*M,, is too weak to match
the observed quasar clustering.

To better address the connection with the semi-analytiaddxy models, we compare our
results with the outputs of the detailed model for the cogvoh of quasars and galaxies presented
in Chapterd2 anfll3. Figute.9 shows the bias of luminousaptjuasars modeled with the
assumption that quasar activity is triggered during galasergers. In the previous chapter we
showed that such a model predicts well the clustering ptaseof observed optical quasars at
a variety of redshifts and luminosities, independent ofgpecific light curve characterizing the
active phase of a BH. In the upper panel of Figure 4.9, the dfidsight quasars in the model is
compared with the bias of randomly selected dark-mattenaioles with the same mass distribution
as the ones hosting the quasars. The ratio between the twbeoorelation functions of the two
samples is shown in the lower panel: the excess bias is atmb%b, except az = 5, where the
small number of simulated quasars results in a statisyicalteliable result.

It is clear that if bright quasars were hosted by DM subhalegs massive than inferred from
the clustering analysis, the BH-to-stellar mass ratio Wdig even higher (see also the discussion
in, e.g.,.Shankar et hl. 2008). To address, in an independayt the evolution of the average
expected relation between the BH and its host, we computexpected baryonic mass locked

in BHs following the method outlined by previous authorgy(gEerrarese 2002; Cirasuolo et al.
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2005; | Shankar et Al. 2005; Shankar & Mathur 2007; Shankdr 2088): first, we map haloes
to their appropriate virial velocitie¥,; at a given redshifz applying the virial theorem (e.g.,
Barkana & Loeh 2001). We then link;, to the velocity dispersionr as calibrated in the local
Universe by, e.gl,_Ferrarede (2002), and finally we comphweteassociated BH mass via the local
Mgn—o relation (e.gl, Tundo et Al 2007). If we assume that thesedk accreting at an Eddington
ratio feqq > 0.5, we find that, az = 4, all haloes above 5 x 10*?h~*M,, can indeed host a BH
luminous enough to be recorded in the highuasar sample of Shen et al. (2009b). This simple
exercise proves that if quasars are associated to norma#igd haloes, the ratio between BH mass
and halo mass could be similar to that observed locally. \WWesst however, that in this simple
exercise we ignored any possible scatter in all the relatibat connect the black hole mass to the
halo mass; such scatter would weaken the conclusions, guegars could then be hosted by less
massive, and therefore less clustered, haloes. We furtiterthat while a no-evolution scenario
for the Mgy — Mpqio relation could be viable, the relation between black holesrand stellar mass
must evolve, given the arguments on cumulative number rimagchown in Figur€4]8 and also the
recent observational results on the evolution oflthg,— Mnalo relation oﬂ_M.os.LedelL(ZO_ILO).

4.5 Summary of the chapter

In this chapter we exploited the large halo and galaxy sasnel¢racted from the Millennium
Simulation to test the idea that “merger bias”, a tendencseoéntly merged systems to be more
strongly clustered on large scales than typical systemsnafas mass, could help reconcile the
apparent discrepancy between the observed abundanceuateticlg of high redshift quasars with
those predicted for massive dark haloes. Previous studies, hn fact, shown that the quasar
number density and clustering can be simultaneously exgdiatheoretically either by models
characterized by high duty cycles and negligible scattéh@lgso — Mnalo relation ml.
[2008b; Shankar et 4. 2008), or by models with non-zero escatttd an excess bias for the haloes
hosting quasar$ (Wyithe & L ogb 20009).

We quantify the importance of merger bias affelient redshifts and for fferent halo mass
ranges. Defining as major mergers those events in which tesd+of-friend haloes of comparable
mass merge into a single system between two simulation tgjtpee found that recently merged
haloes with masses in the range 30! to 1.6 x 10'® h™M, show no significant excess clustering
when compared to other haloes of similar mass.

To connect with physically motivated models of galaxy fotima, we also looked for a possible
merger bias among samples of galaxies selected from the-as@athjtical model built on the
Millennium Simulation (see the description of the model inaPtel2). We considered galaxies
with stellar mass in the range>610° — 1.6 x 10''1h~*M, and found that merger remnants are
typically 10— 30% more clustered than other galaxies of the same mass. @lggnremnants are
hosted by systematically more massive subhaloes than gdteexies, explaining a substantial part
of this signal. However, even after correcting for this, wi#t sbserve excess bias at the level of
~ 5% for the most massive galaxy merger remnants, and2ii% for our low-mass objects, which
are instficiently clustered to match the high bias of observed quadamse further restrict the
analysis to central galaxies (i.e. galaxies at the centarfoénd-of-friend group), for which a clear
definition of halo mass is available, the excess clustesmyce more diminished , approaching the
null result obtained for haloes alone.

The clear result obtained for haloes and massive galaxisates that merger bias is unlikely
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to be a viable solution to the apparent puzzle of the hightetusy of high redshift quasars. On the
other hand, we have also found that recently merged masaigeswithMyqo ~ 103 h~*M,, could
be both numerous enough and clustered enough to match teeveddsjuasar number density and
large-scale bias, if we assume a quasar visibility ttgne 1 x 108 yr and if we assume negligible
scatter in the relation between halo mass and quasar luityinos

In conclusion, if major mergers are responsible for trigggrquasar activity, the lack of
significant merger bias requires models to be charactetigetigh duty-cycles and negligible
scatter in the relation between quasar luminosity and halesm



Chapter 5

Semi-analytic vs. hydrodynamical
simulations

In this chapter we show some preliminary results of a direghparison between the black hole
population simulated with our semi-analytic model for ggldormation and with hydrodynamical
cosmological simulations.

The cosmological simulations are run with the same initi@hditions used to generate the
merger trees that constitute the backbone of the semi-aoahodel. With this approach, we can
not only compare the predictions for the time evolution & tfobal properties of black holes
and quasars simulated with the twgfdrent numerical methods, but we can also select individual
objects in the cosmological boxes and follow their historisblate the dferences in the black hole
growth as treated with semi-analytical and fully-numetisianulations.

In §57 we introduce the topic of the chapter. 8.3 we present the details of the simulations
and a discussion of the two methods to treat the evolutiomebaryons, with a particular emphasis
on the treatment of the black hole growth. The first resultthimcomparison are presented §6.3
and discussed if§5.4.

5.1 Introduction

In the last decade, models that use analytic prescriptimhsliow the evolution of galaxies (and
their supermassive black holes) within dark matter mergegst have been proven successful in
describing the main statistical properties of galaxiesfametion of redshift (e.gl, Kafimann et al.
11993; | Somerville & Primack 1999; Benson et al._2003; Crotfioml€2006;| De | ucia & Blaizot
12007;/Monaco et al. 2007). Merger trees used for this kinchafysis can be derived analytically
from Press & Schechter (PS) theary (Press & Schechter 167d3n be measured from the outputs
of collisionless dark matter cosmological simulationsgémeral, this second approach is preferred,
since PS theory seems to underestimate the number of high4m#oes (Springel et! D5¢), and
cosmological simulations provide also the spatial distitn of dark matter haloes, necessary, for
example, for clustering analysis.

A more self-consistent way to study the evolution of the barg component of the Universe
is through simulations that also include hydrodynamicsthim last few years, the code that has
been most widely used for this purposeG8DGET, a publicly-available code which combines a
N-body approach to follow the collisionless fluids with srtteed particle hydrodynamics (SPH;
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e.g./Monaghah 1992) to follow the collisional gas (Sprirgell 2001b). In 2005, a treatment for
the growth of black holes and quasar feedback has been mreteg into the codm al.

). Simulations of isolated galaxy mergers with sucheatinent have been successful in
reproducing theVigy, — o, relation {Di Matteo et al. 2005), and the properties of quéight curves
mm& The same model for BH growth has alsnhgsed b I.|_(TQ_b7)
in calculations that combine large-scale cosmologicalddybsimulations with hydrodynamic
simulations of galaxy mergers to produce a bright quasaras (e.g.. Fan et al. 2001a). Recently,
cosmological hydrodynamical simulations have becomessiloke, and the cosmological evolution
of black holes and quasars has also been analyzed (Di Mat&#2€083 0).

With state-of-the-art computational facilities, galaxyrrhation and evolution can thus be
followed self-consistently with hydrodynamical simutats, but the dynamic range accessible with
this approach is still relatively limited: to study the st#ital properties of rare objects such as
massive clusters or quasars, boxes with hundreds of cogd¥ot on a side need to be simulated,
but, in such large-scale simulations, the resolution atlssgales can not reach sub-kpc scales.

With semi-analytic models, on the other hand, galaxy foromatan be modeled in large-
volumes without high computational cost, and a large dysaamge can be covered. For example,
the galaxy population generated on top of the Millenniumwation includes both a large sample
of bright clusters as well as galaxies down to low luminesitf- 0.1 L*). For a statistical analysis
of bright quasars, which have a very low space density, ihdeéd important to simulate large
boxes. The drawback of semi-analytical models is that tbgyan many assumptions that risk to
oversimplify the physics involved. Also, their outcomeeslon many input parameters that can be
degenerate with each other, thus diminishing the predigtower of some aspects of this modeling
technique.

In summary, both semi-analytic models and hydrodynamicalilations dfer advantages and
drawbacks, and in the work presented below we compare then®tbods directly, focusing on
their predictions for the cosmological evolution of supassive black holes.

5.2 The simulations

In this section we first describe the setting-up of the sitms, and then the baryonic physics
entering in the hydro code and in the semi-analytic modsfingespecial attention to the treatment
of black hole accretion and evolution.

5.2.1 The initial conditions

In the previous chapters we have, in several occasionsridedcthe main properties of the
Millennium Simulation, and N-body cosmological simulatiovith 216¢ ~ 10 dark matter
particles in a periodic box of 59 Mpc on a side. The merger trees extracted from the simulation
constitute the basic structure on which galaxies are edohgng analytic prescriptions for the
baryonic physics. The Millennium run has a “sister” simidatcalled milli-Millennium, which
is also a dark matter cosmological simulation, with the samass resolution and cosmology, but
smaller box (65 h Mpc on a side). When run on the merger trees of the milli-Mitieim, the
galaxy formation model still produces a quite large samptgataxies (and their supermassive black
holes).

As discussed in the previous section, hydrodynamical sitraris are now computationally
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Milli-Millennium  hydro Basic hydroHigh_8

Np (dark matter) 279 270° 540°

Box size h~! Mpc] 625 625 625
mpm [~ M) 8.60x 10 706x10°  8.82x 10’
Mgas [h~2 Mo] — 155x 18 1.94x 107

softening htkpc] 5.0 5.0 25

Table 5.1: Main numerical parameters of the simulations

feasible for cosmological boxes with few tens of comovingd\m a side. For a direct comparison
with the semi-analytic model, we therefore simulated the dbthe milli-Millennium, using the
same initial conditions (cosmological parameters and oemghases): particles have the same
initial distribution as in the initial conditions of the riMillennium but, before the simulation
starts, they are split into a dark matter and a gas compometht,the mass associated to each
component depending on the cosmological baryon fractisnraed; the particle pairs are then
displaced keeping the center of mass fixed at the initiatiligion. We run a first simulation
(calledBasig, which has the same resolution as the milli-Millenniung @nsecond one with eight
times better resolution (calledigh_8). The latter run was set-up by re-running the initial coiodit
code, with identical amplitudes and phases for the largéesamodes, but with new small-scale
modes added to reach the Nyquist frequency of the new simnlathis approach guarantees that
the same haloes are formed, but the resolution at smallssisalecreased. The simulations were
run usingGADGET3, an updated version ADGET?2 (WES)

In table[51 the main numerical parameters adopted in ourlations are shown. The particle
number for the two hydrodynamical simulations refers toghgicle number before the splitting.
Effectively, for the hydro simulations the total number of et is twice as large.

Throughout this chapter, we will often refer to “haloes” &sdbhaloes”, both when discussing
the hydrodynamical simulations and the semi-analytic feoder both types of simulations, haloes
are identified using a friend-of-friends (FOF) group-findenereas subhaloes are identified using
an extended version of tlBUBFIND algorithm [Springel et al. 2001a).

5.2.2 The baryonic physics inGADGET

As mentioned in the introduction of this chapter, the c@dGET uses an N-body approach to
treat the collisionless fluids (dark matter, stars and blaalks), whereas SPH is used to follow the
evolution of the gas. With the current computational faes, it is still prohibitive to simulate the
entire dynamic range necessary to follow the large-scalkigon of galaxies as well as the physics
connected to molecular clouds, star formation and black hotretion. Instead, for the physics
connected to small-scale processes, sub-grid treatmentdapted: in this approach, the small-
scale physical conditions of the gas are estimated baseleogas properties at scales resolved
by the simulation. In the code used for our simulations, icgplstar formation and supernova
feedback are treated using the sub-resolution multiphasiehdeveloped by Springel & Hernauist
), where the inter-stellar medium is described by @pghase medium, consisting of cold
clouds embedded in the ambient hot gas. As soon as cloudsdooin stars, a fraction of the newly
formed stars is assumed to be short-lived and to die instaotssly as supernovae. The fraction of
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short-lived stars depends on the initial mass functionctvis usually assumed to be Salpeter-like
5). Supernova feedback and the evaporatioal@fclouds increase the density of
the surrounding hot gas, triggering subsequent star foomat a self-regulated fashion. We refer
tolSpri ' dﬁga) and Springel & HernduistG2b) for details of the model and its
success in reproducing the most important properties of@taation as a function of cosmic time.
Radiative cooling and heating by photoionization are impated in a way similar tb Katz etlal.

). For further details on the gravitational force a&tion and time integration of the code,
we refer tdm 5).

In what follows, we describe only the numerical details @& treatment of supermassive black
holes. This modeling for the growth and feedback from BHslieen introduced lm al.
(2005b); Di Matteo et all (2005). Black holes are represkbtecollisionless “sink” particles. An
on-the-fly FOF finder is regularly called to select all halabsve a given mass threshold (in our
simulations this threshold isx410'°h~ M,); if a halo above this threshold does not already contain
a black hole, the densest gas particle within the halo isexes into a sink particle with a given
seed mass. In the runs presented here, the seed mass is@ssi@d 0 h~! M. As discussed in
the introduction of the thesis and $8.3, the origin of supermassive black holes is still a maifer
debate. However, the choice of the initial seed mass doemfhiatnce the results presented here,
provided it is not too small. The value we adopt is consisteittt the choice of Di Matteo et al.

), and approximately puts the black hole onto the lotslerved scaling relation between
black hole mass and galaxy mass. After the most dense gadghes been converted into a black
hole seed, the new BH particle interacts with the envirortroaty gravitationally. The mass of the
black hole can then grow through accretion of the surroundas, or through mergers with other
black holes, as described below.

Black hole accretion and feedback

The rate of accretion of gas onto the black hole is estimatdgua Bondi-Hoyle-Lyttleton

parametrization | (Bondi & Hoyle 1944; Bonhdi 1952, see al§@2). According to this
parametrization, for steady, spherically symmetric aomne the rate depends on the properties
of the surrounding gas as:

4raG? MéHp
(G+v?)32 7

wherep andcs are, respectively, the density and sound speed of the gasiaritie velocity of the
black hole relative to the gas is a dimentionless parameter which, in the correct fornnradf
the Bondi accretion rate should be of order of unity; howgasrour subresolution model for the
interstellar gas computes average values of the densitg@ntl speed of the hot and cold phases,
a larger value oty (of the order of one hundred) is necessary to correct forl®hd averaging
procedure. In our simulations, the accretion is alwaysrassito be radiativelyfécient, and black
holes are not allowed to accrete at a rate higher than thenBtiati rate (which is the accretion
rate that would produce the Eddington Luminosity, as dbsdrin Appendi{A). The radiative
efficiencye is assumed to be constant at the value.af(ve refer the reader again to Appenix A
for a discussion on the values of the radiatitfeceency). At any given time, the radiative luminosity
is then given byL = eMc?, with the upper limit given by the Eddington Luminosity. Eeeck from
the accreting black hole is modeled assuming that a fraetiofithe emitted luminosity can couple
thermally to the surrounding gas, so that the energy pertuné that the accreting black hole is

Mgn =

(5.1)
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transferring (isotropically) to the surrounding mediungigen by:
Eteed= €f L. (5.2)

s is a free parameter of the simulation, and is it here assumbéd 005, following the results of
IDi Matteo et al. (2005) and Springel et d.L_(ZQbSb) who shibitrat such a value for the coupling
efficiency reproduces the normalization of tMyy — o, relation atz = 0. Simulations of
isolated galaxy mergers run with this model have shown thatkbholes accrete gagheiently,
often reaching the Eddington limit, while the host galaxyeiperiencing a strong starburst.
Eventually, the feedback from the central object becomegepiol enough to heat and blow away
the surrounding gas, leaving the black hole without furtfigel”. In this picture, the black hole is

thus regulating its own growth through feedback, reachifiged mass that is in agreement with the
Mgy — o, relation (Di Matteo et a j(b&.&abﬂnsan_eﬂﬁﬂdﬂﬁ_ﬂnamaﬂmdb).

Another feedback mode has been modeled by (Sijacki et al)26@ccount for the mechanical
feedback from an AGN accreting at low rates. This feedbakkgdhe form of bubbles driven
by the AGN into the environment and is particularly impottemthe centers of galaxy clusters in
suppressing cooling flows. However, since in this phase khekthole is not increasing its mass
significantly, this mode of accretion is not particularlyeseant for the current analysis.

Black hole mergers

As discussed irflL53, the timescales on which a black hole binary is ablentok to orbital
scales small enough for gravitational radiation to fiient and to thereby quickly bring the black
holes to coalescence, is still not clear. In an case, it vangmdepends on the local conditions
at galaxy centers. Since we are unable to resolve the schieterest for a black hole binary in
our simulations, it is assumed that black holes merge if t@ye within the spatial resolution
of the simulation and their relative speed is below the sapekd of the surrounding gas. This
last criterion avoids the merger of two black hole in a “flylsent, for example during the first
encounter in a galaxy merger.

5.2.3 The baryonic physics in the semi-analytic model

In 2.2 we have described the analytic prescriptions usedthtegeith dark matter merger trees, to
study the evolution of the galaxy population with a semitgii@approach. We refer to that Section

and ta_Croton et all (2006); De Lucia & Blaizot (2007) for distan this.

We here review only the details of the black hole treatmeamitdine necessary for the comparison
with the hydrodynamical simulations.

In the semi-analytic model, merger trees are “walked” badkme until the first resolved haloes
appear. Every newly formed halo is populated with a galatyictvis initially just made of gas,
according to the baryon fraction that depends on the assaosdology. This gas can then start
cooling and forming stars as described§fid. Together with the gas, we populate haloes with a
black hole seed. The results of the previous chapters haredigained for models with an assumed
seed mass of F0M,, but, as discussed #8.2, all results are essentially independent on the value
adopted for the seed. Here, to be consistent with the hyas) me assume a seed mass of M.
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Black hole accretion and feedback

The main assumption of the current black hole model in ouri-seralytic approach is that galaxy
mergers are the physical processes able to channel gagitogalaxy centers and triggeffieient
black hole accretion (see al§fi.5.2). During merger events, we assume that the BHs hogted b
the merging galaxies instantaneously coalesce and formgéedBH whose mass is the sum of the
progenitor BHs, and that this resulting BH starts accreéiritaction of the available cold gas. As
described irf32.3, the fraction of gas that the central black hole aesrit given by:

fan Meold

AMgpo =
BRQ = 1+ (280km S1/Vyir)2

(1+ Zmerg) ) (5.3)

wheremq is the total mass of cold gas in the final galaxyeq is the redshift of the merger and
f,;]erg = fmerg (Msa/ Meentra), Where fnerg ~ 0.02 is a normalization parameter chosen to match the
observed locallyMgH — Mguige relation, andmsay/ Meentral IS the mass ratio of the merging galaxies.
To estimate the bolometric luminosity associated with @@ eting black hole, we have to estimate
the time it takes the black hole to accrete the available \gé&sfollow here the Model Il described

in §3.2.3. This model assumes that a fraction of the gas is &ttrtthe Eddington rate, until
the black hole reaches a peak of luminodifya, after which the accretion rate decreases and the
corresponding AGN is in a “quiescent” luminosity phase (kiog et all 2005).

At any given time, the bolometric luminosity emitted by awting BH is given by

Mpp(t
Lool(t) = feqd tBH() ¢,
Edd

(5.4)

where fgqq is the fraction of Eddington luminosity emitted, atidq = orc/(4mm,G) ~ 0.45 Gyr
(see also ed._3.5). If, at any given time, the radiatifi€iency and the Eddington ratio are known,
the accretion rate is given by:

dt
tef(t)

wherete(t) = 1= féﬁjﬁt) is the e-folding timetgs = tsapeter if feaq = 1). In our approach, we assume
that a fraction/ = 0.7 of the gas is accreted at the Eddington rdtg«= 1), and in the quiescent
phase the luminosity is characterized by a decreas$ing derived by foIIowindﬁlns__eﬂil.

), who suggest that the average time that an AGN speralfogarithmic luminosity interval

can be approximated by:
dt _ Lbol(t) ‘
dinLpy t"(logl_(D ’ (5-6)

wheretg = to(L’ > 10°Ly) andtg(L’ > L) is the total AGN lifetime above a given luminosity

1(2005) found from merger simulations tlgat 10° yr over the range B0, < Lyg <

eakk Nere, we assume always = 10%r. In the range 1¥8L, < Lpeak < 10* LO,MI

M) also found that is a function of only the AGN luminosity at the peak of its &y, Lpeak
given bya = —0.95+ 0.32log(Lpear/ 10*°Ls), with @ = —0.2 as an upper limit.

In the treatment for black hole growth in the semi-analytmdel, we do not include an explicit
prescription for feedback from black holes in a quasar phasdirectly, the growth of the hole is
regulated by the amount of gas that it is allowed to swoll@\giaen by Equatior{5l3).

As in the hydrodynamical simulations, in the semi-analytiodel we also account for the

din Mgy(t) = (5.5)
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feedback produced by an AGN accreting hot gas at low-ratesin® those phases, the BH does
not increase its mass significantly, and the radiative dutpa small fraction of the bolometric
luminosity (seel3.2.2). Therefore, the results shown in this chapter aregaddent on the details
of this mode.

Black hole mergers

As for the hydro runs, in the semi-analytic model we also emsthat two black holes in a binary
system can merge on a short time scale. While in the hydrodipadsimulations the moment of the
merger can be estimated using physical conditions of th®sndings, in the semi-analytic model
we assume that two black holes merge as soon as the parexiegdlave merged.

5.3 Results for the black hole population

In this section we compare the predictions of the hydro rumisthe semi-analytical model on the
major global descriptors of the black hole and quasar pdipuisin the local Universe and as a
function of redshift.

5.3.1 The most massive haloes

In Figure[®1 and’Bl2 we show 2-d maps of the nine most massil@es from theHigh_8
hydrodynamical simulation and the semi-analytic modedpeetively. In the first case, a random
subsample of the particles in each halo is shown, whereabdaemi-analytic case, we show the
space distribution of the galaxies, which approximatellpfes the distribution of the substructures
in each halo. We are clearly able to match haloes from thedwdrs and the semi-analytic model,
which allows a direct comparison of individual structurBgspite the good match, smalfidirences

in some properties of the haloes are expected, since in thohyns the dark matter particles
are split into a dark matter and a gas component after thialiciinditions are generated, as we
explained in§6.2-1. The smaller mass in the dark matter particles, angrémence of the gas are
at the origin of small dferences in the halo properties such as the virial massegdjiotach
panel of the figures (the virial mass is defined as the massnvltle radius that encloses a mean
overdensity of 200 times the critical value).

In the same figures, we also show with colored circles theiposiof the black holes present in
the groups. The purple triangles indicate the position efrtfost massive black hole in each group.
Overall, there is good agreement in the location of the m@stsiwe hole as predicted by the hydro
run and the semi-analytic model, except for a couple of cadese they do not coincide (e.g., the
halo in the central panel of each figure). We note, howevat, ttte mass dlierence between the
most massive black holes in each group can be quite smalfjwstdations in the mass ranking are
expected. Globally, the number of massive black holes ih &éabo is qualitatively similar in the
hydro run and in the semi-analytic model. We discuss thigérrin the next subsection.

5.3.2 The black hole mass function and mass density

In Figure[5.B we compare the redshift-zero black hole masstions predicted by the hydro runs
and the semi-analytic model. In the top panels the black tusletion predicted by th8asic and
theHigh_8 runs are shown (solid blue lines). The predictions depenth@isimulation resolution.
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Figure 5.1: x — y maps of the most massive haloes at » from the “High.8” run. The haloes are
selected with the FOF group-finder and are ranked accordmgheir total number of particles. On
each panel, the virial mass corresponding to each halo igatdd, in[h~ My]. The grey points are a
random sample~ 1%) of the particles in the haloes, and the blue circles indictite positions of the
black holes, with size and color of the circles that on thebklaole mass as indicated in the first panel,in
[ Mg]. The purple triangles indicate the position of the most nvasislack hole in each group.
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Figure 5.2:Same as the previous Figure, but for the groups and blackstfaen the semi-analytic model
run on top of the milli-Millennium. The grey points indicétee position of the galaxies, and the red
circles the positions of the black holes. Each of this halg hia correspondent in the previous Figure.
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Figure 5.3: Black hole mass function at z 0 as predicted by the “Basic” and the “Higl8”
hydrodynamical simulations (top-left and top-right parrekspectively), and by the semi-analytic model
lower panel). In each panel, the grey band indicate obd@mal constraints fromal.

). The solid lines show the total predicted black hoéssrfunctions, whereas the other thinner
lines in each panel indicate the mass function of black hasgling in haloes with median mass as
indicated on the panels.
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Figure 5.4:Predicted redshift evolution of the black hole mass derastypredicted by the Basic and
High_8 hydrodynamical simulations (left panel) and the semihgiamodel (right panel). At z 0, the
predicted values are compared with the observational edg@mof various authors, as indicated.

The Basic simulation over-predict the number of black holes at all seas The run with higher
resolution over-predicts the number of small and inter@iedinass black holes, but is in agreement
with observational estimates (grey band) at the high-mads We also looked at the contributions
to the total mass function from black holes in dark mattepéslof various mass. The haloes are
divided into four bins, logarithmically-spaced, from a mad ~ 10''h! M, to the highest halo
mass in each runy(10*h~! M,). The median mass of each bin is indicated in the figure. Qlyera
in theBasic run the number of more massive black holes is higher for ak detter haloes. This is
probably due to an excessive number of BH mergers due to threresolution. The problem seems
to be solved in the higher resolution run, even though ortiyruruns with yet higher resolution will
be able to reliably establish whether this is already cayeer The bottom panel of the figure shows
the same quantities as predicted by the semi-analytic mdtielgood fit with the observational data
is the result of the recipe adopted for black hole accretisralready discussed in Chaptérs 2 and
B. The contribution to the total mass function strongly defseon the hots halo of the black hole.
The correlation between black hole mass and halo mass iacindespite some scatter, relatively
tight, as shown in Figufe=31L5 of Chaplér 3. THigh_8 run and the semi-analytic predictions are
in broad agreement at the high-mass end.

The redshift evolution of the black hole mass density asipted by the diferent numerical
methods is shown in Figufeh.4. The left panel shows the &eolypredicted by the two hydro
runs. The evolution is clearly resolution-dependent. mBasic run, the mass-density evolves
very rapidly down ta ~ 2 (dashed line), after which it settles to a value which iscatan order of
magnitude higher than the observational estimate®{4x10° [ M,/Mpc®], e.g./Graham & Driver

)). The evolution of the mass density in the higherltggm run (solid dark-blue line) is
quite diferent: higher fraction of the black hole total mass is alyefadmed atz ~ 5, and the
subsequent evolution is much milder. The 0 value reached in thidigh_8 run is much closer to
the observational estimates.

Interestingly, in the semi-analytic model, the predictfonthe redshift evolution of the black
hole mass density is quiteftBrent. While the parameters entering the BH growth have heed
to match the local value, the redshift evolution is a pureljgteon of the model, and the assumption
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Figure 5.5: Predicted redshift evolution of the black hole mass fumctis predicted by the HigB
hydrodynamical simulation (left panel) and the semi-atialgnodel (right panel).

that black hole accretion is triggered during galaxy mesger

Finally, the redshift evolution of the black hole mass fiumtis shown in Figuré&®hl5, for the
High_8 run (left panel) and the semi-analytic model (right pan&h.evident also by the evolution
of the black hole mass density, the evolution of the masstiimmds more dramatic for the semi-
analytic model.

5.3.3 The quasar luminosity function

In Figurd5.6 the bolometric luminosity function of actiiatk holes as predicted from the model is
shown at various redshifts and compared with the obsenaltidata compilation Mal.

). In the top panel, the predictions from the hydrosrare shown, with the light blue -
dashed line indicating the prediction from tBasic run, and the solid blue line giving thdigh_8.
Overall, the predictions from the two runs are not signifigadifferent from each other, but they
both strongly overestimate the number of faint objects gh medshift. In the local Universe, the
predictions are in quite good agreement with observed detase results are broadly consistent
with the findings o Il (2010), who analyzed theihosity function predicted by the
simulations presented ' al. (2008), concéimgamainly on the faint end, given the
small boxes they used (their best-resolved run is in.@Z8mh~* Mpc] box). These authors found a
good agreement with observationzat 0.5, and atz < 2 for the brightest accessible luminosities.
At high redshifts, their simulations also overestimate mlbenber of faint objects, although this
might be underestimated by current observations.

The large discrepancies between the predicted and thevelolsfaint luminosity functions are in
part due to resolutionfiects (see also the discussion in_Degraf &t al. 2010), butgéraonstraints
on the shape and evolution of the quasar luminosity funatitiioe provided by future high-redshift
surveys observing both obscured and optically-visible AGNMch asROSITA, PAN-STARRS, VST
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Figure 5.6: Predicted quasar bolometric luminosity function at vasoedshifts as predicted by the
Basic and High8 hydrodynamical simulations (top panels, dashed line atid ®lue line respectively)
and the semi-analytic model (lower panel). The luminosibcfions are compared with the compilation

of observed data ky Hopkins et al. (2007b) (grey points wést kit given by the grey band).

andVISTA). These future data will be particularly important to testdals of black hole accretion
in hydrodynamical simulations.

In the lower panel of Figured.6, the quasar luminosity fiorcfrom the semi-analytic model
is shown. The agreement with observations is overall qutglgvhen a model which accounts for
an Eddington-limited phase followed by a quiescent onessimgd. As discussed in more detail
in Chapter§2 and 3, the main problem of a model that assufiieelt black hole accretion only
during galaxy mergers is the production of enough veryHiradpjects at high redshift. In this figure
this challenge is not really addressed, since the numbesigeof very bright objects is too low
to have a useful sample of them in the milli-Millennium, butan be studied with the predictions

from the Millennium in FigureB217 aiid3.3).

5.3.4 TheMgy — 0. relation

The scaling relations between black hole masses and theniegpof the host galaxies, are very
well established in the local Universe (s#E4.1), and are one of the most important constraints



112 Semi-analytic vs. hydrodynamical simulations

\/ ‘/
e 7/
4 e
s // 1 L //'
9 P 9 4 *
107 ¢ P E 107 & .2 E
£ Ae . *e El £ 5 ‘. El
A 7’ 7’
AAAA,’ ,/
AD 4 “ ,
& 8L A a s N & RS ‘ N
s 10 %Aéé%%\é; . = 10 /,/
RA A B ,
7SN ’,
phe 4 o it
A ’
10794 0 40 3 107 , 3
A D me .
s, A ,
NN A S ’
[ L N A il [ R
10%la2, i a L 1080 7 L
100 1000 100 1000
O star Ostar

Figure 5.7:Mgy — o, relation for the black holes populating the groups shown igufes[5.1 and5]2
as predicted by the HigB hydrodynamical simulation (left panel) and the semi-gti@lmodel (right
panel). The filled symbols refer to the location in the relatof the main halo of each group.The black

dashed line indicates the best-fit.of Tremaine et al. (2002).

for models that want to describe the cosmological evolubiosupermassive black holes. In Figure
B4, we show the predicted scaling between the masses ofablk holes populating the groups
shown in Figure§ 511 arld$.2, and the velocity dispersiorhefgalaxies they reside in. For the
hydrodynamical simulation, we show the result of High_8 run, where the star particles within
the half-mass-radius of each galaxy are used to calculatedlocity dispersion. For the semi-
analytic model, we do not have information on the stellaoe#y dispersion, but we estimate it by
assuming that the circular velocity uf each halo is equal to the virial velocity of the halo, aneith
the velocity dispersion is derived using the relation ftoseR et 81.1(2003):

log Ve = (0.96+ 0.11) logr + (0.32+ 0.25), (5.7)

where the velocity dispersion and the circular velocity giveen in km s®. In the figure, the
solid symbols indicate the relation for the main haloes ahegroup. The dashed-line indicates
the best-fit relation df Tremaine et dl. (2002). The hydrauyital simulation clearly gives a good
prediction for the relation, as also shownlby Di Matteo e{2008) an I 7). For
the semi-analytic model, the match is really good for thetmuassive black holes populating the
central galaxies. The match with the observed relatiorsis $atisfactory for the less-massive black
holes. We note, however, that the value darfor the semi-analytic model is derived with several
assumptions: we assumed ¥ Vi, but this relation might not always hold; in particular, for
less massive haloes, the circular velocity might be largan the virial velocity, thus pushing the
velocity dispersion to higher values (@@OOZ, hadliscussion igZ31).

5.4 Summary of the chapter

In this chapter, we presented preliminary results of a ticemparison between the black hole
and quasar populations as simulated with the hydro-GdBGET and our semi-analytic model for
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galaxy formation. The objective of this work is to fully undeand the advantages and limitations
of the two approaches in modeling the black hole evolutioenésally, the semi-analytic approach
sufers from an over-simplification of the gas physics necestampodel galaxy formation. In
hydrodynamical simulations the collisional component leé tUniverse is followed more self-
consistently, but there is still need to invoke sub-grid by to describe phenomena such as star-
formation, that can not be properly resolved. On the oth@dhaompared to hydrodynamical
simulations, semi-analytic models are able to simulatergefadynamic range with significantly
smaller computational cost, thus being very attractiveeranalysis of global statistical properties
of targeted populations.

The simulations run here with the two methods have in comrhersame initial conditions, so
that any dfference in the galaxy and black hole populations and themotigyical evolution is due
to the specific prescriptions used in the two models for tlodugdon of the baryons and the growth
of black holes.

We found that some of the predictions of the hydrodynamidalukations are resolution
dependent, which is expected, considering the large sofielength necessary to simulate
relatively-large cosmological boxes. Still, the agreeméetween the predictions of the
hydrodynamical simulations for the high-mass end of thelblaole mass function, the quasar
luminosity function and thé/gy — o in the local Universe are quite remarkable.

Interestingly, the predicted redshift evolution of thedidnole population is quite ferent in
the two approaches: in the hydrodynamical simulations mifsignt fraction of the mass function
is already formed by = 5, and the subsequent evolution is milder than in the semiliydo model.
Powerful quasars have been observerd-at6, and these observations set important constraints on
the number of very massive black holes that have already ito leace when the Universe was still
S0 young.

Having used the same initial conditions for the hydrodyraisimulations and the dark matter
simulation that constitute the back bone of the semi-aiaiyibdel, we will be able to compare
directly the evolution of individual objects, thus isotadi the physical processes that lead to
differences in the global evolution of the black hole populasiod deriving important information
on how each numerical method can be improved.
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Chapter 6

Summary and outlook

Black holes are among the most interesting and fascinabjegts in current astrophysical research.
They are not only laboratories for studying fundamentalguds/theories, such as Einstein’s General
Relativity, but are also the powerful engines of extremelgrgetic observable phenomena. In fact,
gas that falls onto black holes gets in part swallowed andanh gccelerated away to far distances
where it shines very brightly. The so-called quasars (omengenerally, Active Galactic Nuclei,
AGN) are galaxies with a massive black hole at their centeysglsurrounding gas is falling onto it
and being ejected sdfiently and rapidly that the light emitted in the accretiongess can reach
10 solar luminosities. The extra-galactic nature of theseatsjwas recognized in the middle of
last century, and, since then, a lot dfcet has been invested in understanding the detailed physics
connected to these extreme phenomena.

At the end of last century, a wider interest of the astroptglscommunity in accreting
supermassive black holes (black holes up to few billion sitte mass of the Sun) was triggered by
the discovery that these massive objects are present aetier of nearly all nearby galaxies and
that their masses are tightly connected with many physicgbqrties of their host galaxies, such
as mass and luminosity. These observations clearly sigghésat massive black holes and their
parent galaxies evolve "hand-in-hand”: black hole growigghmthdepend on the environment and,
vice versa, the environment itself can be strongly shapetidgnergy that a massive hole releases
over its lifetime. Moreover, in the last decade very brighasars powered by black holes with
masses of the order of I, were discovered at redshifts upzo~ 6. At the same time, X-ray
observations showed that the space density of AGN peaks &— 3, and that Active Nuclei with
high X-ray luminosities are more common at higher redshithwespect to their low-luminosity
counterparts. These observations suggest that supevenbtzsik holes grow “anti-hierarchically”:
the more massive black holes were already in place at higthiédand since then the accretion
activity has shifted to smaller scales.

Understanding how this evolution of black hole growth redato cosmic structure formation,
how black hole accretion depends on the environment, andiaek holes interact with their
host galaxies, have become central questions in cosmolodged, the importance of black hole
evolution in our understanding of galaxy formation is nowd@ly recognized, to the extent that
many major future instruments (from radio to X-rays) will partly devoted to the observation of
distant AGN, promising to unveil details of the first popidatof accreting black holes and their
environment, and tofter unprecedented data that can be compared with theonetedittions.

On the theoretical side, a lot of progress has been achievitbilast several years, thanks to
constantly improving models for the small-scale physicaaufreting black holes, as well as models
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that follow simultaneously the cosmological evolution afkimatter structures and their embedded
galaxies and black holes. Indeed, to explain the wealth sépnkational data available and to make
predictions for future observations, theorists need tdatall available techniques to develop and
improve models for the birth and evolution of massive blaglek, from the time when the first stars
were formed to the Universe we see today. While much progredseen achieved, many details
of the physics associated with black hole growth and itsraaigon with the host galaxy are still
unknown. From the very origin of these massive objects taltétails of how the energy released
during active phases couples with and influences the ietasiedium, many aspects of black hole
behavior and their interaction with the host galaxies neeloet explored further. A long-standing
question is what triggers black hole accretion. The enmgassociated with bright quasars can be
explained with supermassive black holes accreting tenslaf masses per year. The Schwarzschild
radius of a black hole, and even its gravitational radiuswitience, are many order of magnitudes
smaller than typical galactic scales: fdfieient accretion to take place, there must be physical
processes able to channel the gas present in the intersteddium from galaxy scales down to
the very nuclear regions. Galaxy mergers are among the ggesehat could trigger instabilities
in a galaxy and induce a flow of gas towards the center. Indgedjlations of galaxy mergers
have shown that during those processes gas is funnellecetoutlieus of the merger remnants.
The same processes are also able to trigger starbursts efidrmation of spheroids, as seen in
simulations and also confirmed observationally by the molquically-disturbed appearance of
starburst galaxies.

The objective of this thesis has been to explore the role afers in triggering fficient black
hole accretion using fferent numerical methods and statistical tools, compleimgand extending
previous work on this subject.

In Chapterl2 we presented an extension of the semi-analybideinfor galaxy formation
developed at the MPA. This model combines the output of selalgrk-matter simulation, the
Millennium Simulation, with analytical prescriptions teestribe the baryonic physics. One
assumption of the model is that black hole accretion is &igd during galaxy mergers and the
extension presented in this chapter was developed to testite emission of accreting black
holes. In comparing the predictions of our simulations wileent observations of the global
descriptors of the black hole and quasar populations, wedes the same time the assumption of
the merger-driven nature of active nuclei and various tigmal models for the lightcurve associated
to individual accretion events. The good match between tbdigted and the observed properties
of the black hole population, such as the mass function aatingcrelations, lends support to
the assumption thatfiéecient black hole accretion is merger-driven. Moreover, parng our
predictions with the observed redshift evolution of thesprduminosity function, we found that a
substantial fraction of the available gas has to be acceteates close to the Eddington limit, but
a “quiescent” accretion phase is necessary to describaititeend of the luminosity function.

In ChapteB the same models were tested using clusterings@a Clustering is a very
important statistical tool to study the spatial distribatiof objects and to infer the type of
environment in which they reside. Clustering analysis ciso arovide information on quasar
lifetime, since, if quasars are strongly clustered, thegtrine hosted by rare objects, and therefore
their time of activity must be long to account for the totalatlance observed. We found that,
in agreement with observations, the two-point correlafiorction of our simulated AGN can be
approximated by a single power-law in the rang® € r < 20 h~Mpc. The bias between AGN
and the dark matter is a strong function of redshift, but, given epoch, it is approximately
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constant in the range@ < r < 20 h~*Mpc. The redshift evolution of the bias is consistent with
the redshift evolution of dark matter haloes in the massea@®® — 103h~'M,, suggesting that
guasars are always hosted by haloes in this mass range.8iglequasars are always black holes
accreting close to the Eddington limit, we found that theultssfor the clustering of bright AGN
are independent of the specific light curve model assumed.r&3ults for the clustering of bright
optical quasars are in very good agreement with recent adisens at all redshifts. Since the merger
episodes that trigger quasar activity are, in our modelnogg@dure, connected to the mergers of the
dark matter haloes, clustering statistics depend stramghe positions of halo mergers, which are
directly predicted in the Millennium Simulation. Our clasihg analysis therefore does not depend
significantly on the parameters used to describe baryonisipé, and therefore should be regarded
as a genuine model prediction. The good match between odicicms and the observed quasar
clustering lends further support to the assumption of thegeredriven nature of quasars.

Chapter[¥ was devoted to the analysis of the significance efirtarger bias Such an
effect, if present, could lead to an incorrect interpretatibthe clustering properties of observed
guasars. Dark matter haloes (and galaxies) are, in facetimacers of the underlying dark matter
distribution, with a bias that depends primarily on halo saddowever, if recently merged objects
do not cluster in the same way as other objects with the sanss,ntiaen the observed quasar
clustering cannot be used to infer the type of environmeasgts reside in (assuming that quasar
activity is connected to halo mergers). The strength of arghsnerger bias was studied using
the halo population simulated with the Millennium. We fouhdt recently-merged haloes do not
show significant excess clustering when compared to otHeebaf similar mass. A similar result
was found analyzing the merger bias for recently mergedgadand quasars as modeled with the
semi-analytical approach.

Finally, in Chaptefl, we showed some preliminary compassaf the evolution of the black
hole and the quasar populations simulated with our semisnanodel for galaxy formation,
and with hydrodynamic simulations that directly follow thmaryonic physics. Such direct
comparison between fierent numerical methods is extremely important for a fullienstanding
of the limitations and advantages of each. Despite soméuteso-dependencies, we found that
hydrodynamical simulations can describe well the popaietif the most massive black holes in the
local universe. The redshift evolution of the black hole sfasiction and luminosity function from
the hydrodynamical and the semi-analytic simulations aiteglifferent, however and, in the near
future, we will explore in detail the origin of thesei@irences by following the history of individual
objects when simulated with the two methods.

Our analysis supports the assumption that galaxy mergetd@primary triggering mechanism
for efficient black hole accretion. However, other processes (aaajmlaxy disk instabilities and
recycling of gas from stellar evolution) could contributethe growth of massive holes, and thus
activate luminous phases in galaxies having entirefjecent properties than the ones expected
for merger remnants (e.g., Seyfert galaxies). It is thuessary to include these processes in
cosmological models to understand their relative impaaand their evolution with cosmic time.
Analysis of the evolution of scaling relations and of thegadies of galaxies hosting AGN triggered
by different physical processes could provide important indisabd the relative importance of
different triggering mechanisms, and make predictions foréutloservations. Spatial clustering
(also at small scales) can be further exploited to study A@Nrenments and can also be compared
directly with the clustering of dierent classes of galaxies.

The upcoming new generation of observational facilitiekesathis a very exciting time to
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work on theoretical models for the co-evolution of blackdsoand galaxies. Future X-rays, optical
and near-IR surveys (such as eROSITA, PAN-STARRS, VST ar®if¥) will be able to detect
quasars with a wide range in luminosity, providing inforrmaton the faint-end of the quasar
luminosity function, important as diagnostic for hydrodymical simulations. Also, the observation
of many more quasars at high redshifts will better constitarredshift evolution of the population.
Information at diferent wavelengths will be important to test models of growtht curves and
obscuration.

ALMA (mm and sub-mm) and JWST (Infrared) will open new windote observe high redshift
galaxies. The main properties of these objects (such astaation rates, dust and gas content) can
be compared with predictions from galaxy formation mod&lse simultaneous estimates of black
hole masses through optical and near-IR emission lines asidgalaxy masses with ALMA, will
provide observational estimates for the evolution of thedisg relations between black holes and
their host galaxies, such as thMgy — o.. Moreover, IXO (X-rays) will be able to directly observe
AGN fueling and feedback processes. Such observationsiaext domparisons with theoretical
predictions will be essential to understand the origin ofsnge black holes, the mechanisms that
trigger black hole accretion and the role of stars and aicgd&lack holes in the reionization of the
Universe.

The combination of constantly more sophisticated numkrivadels and these future
observations will certainly lead to important breakthrbsigin the next few years in our
understanding the formation and evolution of black holeswall as their interaction with the
environment.



Appendix A

Black hole accretion

In this appendix we introduce basic concepts of accretiysiol, useful for the present thesis. We

refer to Frank et al| (2002) for a detailed review on this eabj

A.1 Eddington Luminosity

The Eddington limitdefines the equilibrium point between the outward radiatmee and the
inward gravitational force in an accreting object. The Bddon limit is derived assuming that the
accretion is steady and spherically symmetric, and thaaticeeting material is ionized hydrogen.
In this framework, the gravitational force that pulls etect and proton pairs towards the central
object is given by:

G Mg (Mp + Me) N GMm,

Fin = r2 r2

(A1)

wherem, andm are the proton and electron mass, respectivelyans> me.
In the opposite direction, radiation exerts an outwarddac the free electrons given by:
S g1 L oT

Fout = T = m? (A.Z)

whereS is the radiant energy flux;t is the Thomson cross-section alng 4xr? the luminosity of
the source. Despite having a much smaller cross-sectiotgms will be dragged outwards together
with the electrons due to Coulomb electrostatic forces.

The net force on the electron-proton pairs is then:

GM My Lot
r2 4nr2c’

(A.3)

I:tot =

The luminosity at which radiative pressure and gravitala@ttraction are balanced is then:

4r GMgy M, € M
Leqq= ——BH P> 13100 ( BH ) erg/s. (A.4)

At higher luminosities, the radiation pressure would sweepthe infalling material, thus halting
further accretion.
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A.1.1 The radiative dficiency

If Ris the radius of an accreting object of madsthe energy produced by the accretion of a mass

mis given by the potential energy:

GMm
AEaCC: R . (AS)

Differentiating over time, the corresponding luminosity isgiby:

GMm
R

Lacc= . (A.6)
Since a black hole does not have a solid surface, part of tiss mdl fall into the event horizon,
and therefore not all the gravitational potential energgdsverted into radiation. Theadiative
efficiencye is a parameter that indicates which fraction of the accregetimass energy is converted
into radiation: _
GMm

= =
whereR has been substituted by the radius of the black hole, the &egizon, which is given by
the Schwarzschild raditRs = 2G Mgy /.

The closest point to the black hole from which energy can leeted is thennermost stable
circular orbit (ISCO). The maximum radiativeficiency is related t&Rsco as:

eMCZ, (A-7)

Lacc=€

6~GMm/2RISCO

A.8
e (A.8)
For a non-rotating black hole, the last stable orbit is gign
6G M
Rsco=—5— (A.9)

Relativistic calculations lead to a maximum vatue 0.06 for a non-rotating black hole. If the black
hole is rotating, the value of the last stable orbit decrgaaad the maximum possible radiative
efficiency is higher. For a maximally-rotating black hatey 0.4. Statistical arguments connected
to the redshift evolution of the quasar luminosity functindicate an average radiativéieiency
across cosmic time af~ 0.1 (e.g.@ma.

A.1.2 Theefoldingtime

If M is the mass-flow rate, the black hole grows at the kg = (1 — €) M. Combining equation

B4 with[A7: :
MBH _ A G rrbl— €

MgH CoT €
The right-hand-side of the above equation is the inversehefdp-calledSalpetertime, ts =
€/(1 — €) 4.5 x 1C®yr, which is the time it would take a black hole emitting at tBddington
Luminosity to radiate away all of its rest mass. But, intéimgequatiof A0, one gets:

(A.10)

Mgn = Mapo €7, (A.11)
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Sots is also equivalent to the-foldingtime, that is the time it would take a black hole to grow
exponentially by a factor o

If the black hole is emitting at a fractiofgqq Of the Eddington Luminosity, the-foldingtime is
given bytes = ts/ feqa.

A.2 Black Hole accretion models

A.2.1 Thindisk

Quasars and high-luminosity AGN are powered by supermabsack holes accreting mass at high
rates (up to tens of solar masses per year), and whichfiarestly radiate away energy. Sitting on
the accretion disk, material falls inwards by losing angaf@mentum through viscous processes.
If energy can be radiated awatfieiently, the gas coolsficiently, the sound speedd is much less
than the keplerian velocityyv= (GM/R)~? and the accretion disk is thin (the vertical heighis
much less than the radius of the dRk(Shakura & Sunyaéy 1973).

These are the conditions in which black holes radiate at Bigdhington fractions, and power
bright AGN.

A.2.2 Thick disk

If the gas is unable tofeciently radiate away the energy extracted from loss of aargubmentum,
this energy remains in the gas. In this scenario, the pressuthe gas is high, and so is the
sound speed, which can become comparable to the Kepleriacitygcs ~ vk) making the disk
is thick, withH ~ R. Introduced by Narayan & i (1994), sudkdvection-dominated accretion
flows(ADAFs), are able to describe properties of low-luminogigN, whose accretion rates and
radiative dficiencies are much lower than in the thin-disk case.

A.2.3 Bondi accretion

Bondi accretion describes the case of an object with spdigrisymmetric accretion flow.
In 1939, Hoyle & Lyttleton derived the accretion rate for ttase of a star moving at a steady

speed through an infinite gas clolid (Hoyle & Lyttléton 1939):

M _ 47TGZ szoo
_—Vgo ,

(A.12)

whereM is the mass of the accreting objegt, and \, are the density and velocity of the gas at
infinity. The Hoyle & Lyttleton formulation defines a charadstic value for the impact parameter
(2GM/v..,?), below which material is accreted with the above mass flux.

@) studied the case of a point mass with spheyisginmetric accretion. In this
case, the characteristic radius is giverry= GM/cZ: inside this radius, the gas is supersonic and
in free-fall.

A generalized formula for the accretion rate is then given by

" 471 G? M? pe,

M= ——=— (A.13)
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which gives the solution above if, << V... We refer td_Edgar (2004) and Frank et al. (2002) for

full descriptions of the Bondi-Hoyle-Lyttleton accretion



Appendix B

Clustering statistics

B.1 Introduction to clustering statistics

According to thetheory of biasd galaxy formatiomalaxies do not follow the distribution of the
underlying dark mattet (Kaiser 1984; 98@)ages, in fact, form in the high peaks
of the dark matter density field, and, at large scales, the fhastuations can be derived from galaxy
clustering only if thebiasparameter is known, defined as:

&(r)

b, pm(r) = om ()’

(B.1)

whereés(r) andéy(r) are the two point correlation function of the galaxy popiokaand the dark
matter, respectively. Thevo-point spatial autocorrelation functiof(r) for a given class of objects
is defined as the excess probability for finding a pair at aadgr, each in the volume elements
dV; and dv, (e.g.mmM

dP = n?[1 + £(r)] dVidVa, (B.2)

wheren is the average number density of the set of objects underdemasion.
In the scale range between few tens of kpc and few tens of Mpondst classes of objeci§r)
can be described by a single power-law:

r -y

=[5 ®.3)
0

wherer is thecorrelation lengthwhich is, by definition, the scale at which the two-point etation

function is equal to unity&(ro) = 1.

In Figure[B1 the two-point galaxy correlation function fmathe Millennium Simulation is
compared with observational data. In the same figure, alsadhrelation function of the dark
matter is shown. Clearly, while the galaxy correlation fiime is a good power-law over a wide
range of scales (up to 20h~! Mpc), the dark matter has a characteristic “bump” beldw4Mpc,

inside the so-called 1-halo telﬂlﬁp.l’.iﬂ.g.&L&Ldll(Z)_OJBc).

1The two-point correlation function can be divided in two gmments: at small scales, it indicates the correlation dfena
within individual dark matter haloes, whereas at largeescil gives information on the correlation power betweerasze
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Figure B.1: Galaxy two-point correlation function from thallennium Simulation (red filled circles),
compared with the one of galaxies observed with the 2dFGR&gU(blue diamonds). The green
dashed line shows the correlation function of the undeghdark matter. Figure from Springel et al.

\Springel et al.[(2005c).

A statistically-accurate calculation of the two-pointi@ation function requires large samples.
If the number density of the objects into consideration igl§man estimate of the clustering power
of a population can also be derived using the cross-coiwal&inction, which calculates the number
of pairs from two sets of objects. §& r(r) is the cross-correlation function between galaxies and a
reference population (larger in size), the bias betweegdtexies and the dark matter is then:

1 &r(N)
br pm(r) éom(r)’

wherebg pm(r) is the bias (relative to the dark matter) of the populatisadias reference in the
cross-correlation analysis.

b, om(r) = (B.4)

B.2 Galaxy and halo clustering

As mentioned above, galaxies are biased tracer of the dattemdistribution. Observations
have shown that the bias is a function of galaxy propertiash sas color and luminosity. For
example, analyzing galaxies observed with the Sloan Digiky Survey (York et all 2000) and
the 2 Degree Field Galaxy Redshift Survey (Colless ket al1p0@arious groups found that more
luminous galaxies are more strongly clustered than lessluns ones, and red galaxies are more

strongly clustered than blue ones (el.g., Norberg et al.lZbéHavi et all 200%; Li et al. 2006a).

haloes. The division between these two regimes ishat Mpc.
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Figure B.2: The redshift evolution of the dark matter halastin the analytical formulation bf Sheth el al.
), for the cosmology of the Millennium Simulation, &odvarious halo masses, from %6 M,
to 104h~1 M, with mass diferences of & dex.

Similarly, the clustering of dark matter haloes dependshenhialo physical properties. Halo
bias can be estimated analytically or through dark matteukitions (e.g.._Mo & White 1996;
ISheth et al. 2001; Jifig 1998), and it depends primarily orspasis shown in FiguEEB.2, where the
bias for dark matter haloes of various masses is shown astadomf redshift, calculated using the
formulation of Sheth et all (2001) and the cosmological petars of the Millennium Simulation.
Clearly, the bias is a strong function of mass and redshifcofparison between the clustering
power observed for target classes of objects and the theairptedictions for the halo bias gives
information on the type of environment in which the seleatbgects live. While the value of halo
bias mainly depends on mass, in recent years less trivigtigmces have been found. Gao bt al.

) discovered an “assembly bias”, where later formiatpés with mas < M.A are less
clustered than typical haloes of the same mlass. Wechslg ) showed that less concentrated
haloes more massive than the non-linear mass scale aradmat@e biased than average.

2M, is the mass for whickr(M.) = 1.69/D(2), whereD(2) is the growth factor.
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