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ABSTRACT

We study the statistics and cosmic evolution of massiveditate seeds formed during major
mergers of gas-rich late-type galaxies. Generalizingésalts of the hydro-simulations from
Mayer et al. [(2010), we envision a scenario in which a supssiva star can form at the
center of galaxies that just experienced a major mergergwaira multi-scale powerful gas
inflow, provided that such galaxies live in haloes with masgmve 18 M., are gas-rich and
disc-dominated, and do not already host a massive black Wieassume that the ultimate
collapse of the supermassive star leads to the rapid foomati a black hole of 10M,,
following a quasi-star stage. Using a model for galaxy faiamaapplied to the outputs of
the Millennium Simulation, we show that the conditions riegd for this massive black hole
formation route to take place in the concordan€DM model are actually common at high
redshift, and can be realized even at low redshift. Most majrgers above ~ 4 in haloes
with mass> 10 M, can lead to the formation of a massive seed andqa®, the fraction
of favourable mergers decreases to about half. Interdgting find that even in the local
universe a fraction~ 20%) of major mergers in massive haloes still satisfy thed@@ns
for our massive black hole formation route. Those late esséake place in galaxies with a
markedly low clustering amplitude, that have lived in isaa for most of their life, and that
are experiencing a major merger for the first time. We pretiiat massive black hole seeds
from galaxy mergers can dominate the massive end of the raasidn at high £ > 4) and
intermediate £ ~ 2) redshifts relative to lighter seeds formed at higherh@tdor example,
by the collapse of Pop Il stars. Finally, a fraction of thes&ssive seeds could lie, soon after
formation, above th#lgy — Mpyige relation.

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

1 INTRODUCTION of stars formed from pristine gas in dark matter haloes &f° M,
(e.g..Bond et al. 1984; Madau & Rees 2001; Haiman &[Hui 2001);
these remnant black holes would have masses of few tens or few
hundreds of solar masses, although recent numerical dionga

Accreting black holes of masses 10 M, are the only known
astrophysical objects able to produce the enormous amdwant-o

I 1 I 3 J C
er%yt:]eleba.se;]jt b{ a;:ttlk\:e gala;)gtlc nuclei (AGI. Lyndten (Ijé:sﬂl) have shown that the protostellar disk of Poplll stars cotddrnent,
and the brightest of these objeotsasars, are seen at redshifts as lowering the initial mass function of the stars and, consetjy,

EgZSa?t;;cl(('\/:](Z:lizc\t;/iﬁ? 1;;;“1905 X,\'/ISt(;n;tetgLSggig?%ﬁ:‘ézg:?k of their remnant black holes (Clark et al. 2011; Greif 20119.
. : ©7 . grow in a short time to one billion solar masses (the mass esti
thank to t observaton o e araviational influencanegeob.  Ma1ed o the black holes powering the quasars scen.2), the
. . 9 oke 0 Pop Ill remnants would have to have formedzat 20 and ac-
ects on'the surrqundmg gas and stars (?'g" Kormendy 2004) crete gas almost continuously at a rate close to the Eddiriotit
While the existence of black holes in the cores of most mas- (e.g!/\Volonteri & Rees 2006; Tanaka & Haiman 2009; Tanakalet a

sive galaxies is now well established, their origin Is Stihgel_y 2012). Black holes could also come from the runaway collafse
unknown. Several channels of black hole formation have baen nuclear star clusters, but even in this case the black hattirs

sioned and explored, but when and where the progenitored&sg mass would not be higher than1C® M., (e.g.] Rasio et al. 2004:

of these_mass_lve plack holes _formed, IS ft'” a t?pIC of m_tethe- Portegies Zwart & McMillan 2002; Devecchi & Volonteri 2009)
oretical investigation. According to the “Poplll” scemariblack

holes are the descendant of Population Il stars, the firstggion To relax the tight constraints on growth rates and formation
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times required to build up the very massive black holes pow-
ering high-z quasars, the “direct collapse” scenario hasine
more and more attractive, as the starting black hole maskl cou
be few orders of magnitude higher 10 10°M). Such mas-
sive black hole seeds originate from dense clouds of igass(Ree
1984) at the center of galaxies (or protogalaxies) andikell-
lapse into a “supermassive” star; the supermassive stadviioen
either entirely collapse into a black hole if gravitatidgalin-
stable (e.g.| Hoyle & Fowler 1963; Baumgarte & Shepiro 1999;
Shibata & Shapiro 2002; Montero et al. 2012), or form a massiv
black hole via a “quasi-star’ (Begelman ef al. 2008; Begelma
2010). In the direct collapse scenario, the most difficuttpsis

puts of the Millennium Simulation. Our aim is to study whethe
the conditions for the formation of a massive seed can dgthal
met in our Universe, what would be the contribution of blackels
from massive seeds to the total black hole population andhehe
the descendants of massive seeds could be observatioeatly-r
nized. Volonteri & Begelmar (2010) made a first attempt talgtu
the cosmological evolution of massive seeds from quass;dtak-
ing their formation to the mergers of gas-rich dark mattdoés
and the spin of the haloes, using observational properfigheo
black hole population to bracket the values of their modehpa
eters. In the present work we instead directly use the iesfithe
M10 hydro-simulations to construct a model for the formatad

to get a massive and dense enough central gas cloud, as the gasiassive seeds with essentially no free parameters, wheskcpr

has to lose its initial angular momentum and reach the galac-

tic center before cooling and fragmentation are able toyénig
star formation. Most works in the literature have focused on
the formation of black holes from direct collapse in metakef
protogalaxies (e.gl._Lodato & Natargjan 2006; Wise et aD&0
Regan & Haehnelt 2009; Johnson et al. 2011), as even smadktra
of metals shorten the gas cooling time significantly (Omal.
2008). Even in a metal-free environment, though, moledwaro-
gen cooling has also to be prevented, which may be possitésh
to fluctuations in the Lyman-Werner background (Dijkstralet
2008;| Agarwal et al. 2012). One could relax the assumptioa of
metal-free environment if the gas inflow rate to the centbigser
than star formation rate, that is, if enough gas can be bitdoghe
center before the bulk of star formation takes place (Shéwset al.
1989; Begelman & Shlosman 2009).

Mayer et al.|(2010, hereafter, M10) have recently shown that
very efficient central inflow rates are possible in gas-rietagy
major mergers. Using a set of numerical simulations witheswely
high spatial resolution (@pc), M10 found that mergers can pro-
duce a gravito-turbulent disk in the nuclear region of the-re
nant galaxy. The disc is stable against fragmentation,daitifes a
strong spiral pattern which supports efficient inflow of gasdrds
the galactic center. This strong inflow produces a centralirg
cloud of~ 10° M, and of the size of few parsecs, which soon be-
comes Jeans unstable and collapses to sub-parsec scaas]d
rates from the nuclear disc are so strong (up to few thousahds
solar-masses per year), that this happens in only abdyr.1The
resolution of the simulation does not allow to investigaieter
the fate of the nuclear cloud, but the cloud is seen to be Jaans
stable down to the smallest resolved scales. This collgmdoud is
thus a likely precursor of a supermassive star. Soon afteraton,
the core of rotating supermassive stars is likely to cottaipso a
black hole of~ 100 M, as the timescale of nuclear burning is very
short (~ 1 Myr). In the “quasi-star” picture (Begelman etlal. 2008;
Begelmah 2010), as the central black hole starts accretingsur-
rounding gas is inflated into a pressure-supported envelbpde
the envelope loses mass through winds, the black hole keeps a
creting at super-Eddington rates, as the Eddington liniihjgosed
on the much larger mass of the envelope, and not on the mass of t
black hole itself._Dotan et al. (2011) estimated that blacle® in
this configuration can quickly grow to £6- 10° M, provided that
their surrounding envelopes are abevd0’ M, as they would be
massive enough for their evaporation timescale to be lotiger
the accretion timescale of the black hole.

Inspired by the numerical results of M10 and the idea of mas-
sive black hole seeds forming from the collapse of nucleauds
via a supermassive star, in the present work we construchan a
lytical model for the formation of massive seeds in galaxygees
to be incorporated in a galaxy formation model applied todhe

tions can be directly compared with data.

In section§2 we describe in further details the simulations of
M10, and how we generalize their results to create the dnalyt
model used in the galaxy formation simulations. Sectf@rcon-
tains the results of the paper, which we summarize and disous
sectiond4].

2 MODEL

In this section we first describe the general propertiesefjtlaxy
formation formalism upon which we construct the model fag th
formation and evolution of black hole seed&). We then discuss
the details of our modeling, the origin of the population kjtit”
black hole seedsj2.2) and the details of the hydro-simulations of
M10 that inspired our model for the formation of the “masSive
seed population as described at the endPa.

2.1 Themode of galaxy formation

In the last couple of decades, semi-analytical models @bgefor-
mation have been extensively exploited to study the basysiph
cal processes that drive galaxy evolution by comparing tbbaj
properties of simulated galaxies with observational daay.(
Kauffmann et all_1993; Somerville & Primack 1999; Bower et al
2006). Indeed, semi-analytical models offer a simple apgncdo
study large samples of galaxies, whose formation and ewvalig
described by a set of coupled differential equations thathine
baryonic physics with the properties of dark matter hal@agsy
histories constructed from the extended Press & Scheatera-
ism or from N-body cosmological simulations.

The model used in this work uses the dark matter merger
trees extracted from the outputs of the Millennium Simuolati
(Springel et all 2005), an N-body simulation which followset
evolution of cosmic structures in a 590 3Mpc? volume using
2166 ~ 100 dark matter particles of mass 8.6 x 10°h~1M,.
The initial conditions of the Millennium Simulation are lealson
the cosmological parameters of the WMAP1 & 2dFGRS ‘concor-
dance’ACDM frameworld, with Qmn=0.25,Qp =0.75,053 = 0.9,
Hubble parameteh = Hy /100 kmsMpc—1 = 0.73 and primor-
dial spectral index = 1 (Spergel et al. 2003). DM haloes and the
embedded subhaloes are identified from the output of thelaimu
tion with a friends-of-friends (FOF) group-finder and anemded
version of theSUBFIND algorithm (Springel et al. 2001), respec-
tively. Dark matter haloes are considered to be resolvedwnmr

1 |Guo et al. [(2012) showed that there are little differencethen galaxy
properties when a WMAP7 cosmology is assumed
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mass is above- 101%h~1M, equivalent to 20 simulation parti-

cles. The galaxy formation model follows the merger histofy o7 T
dark matter haloes and, when a new halo rises above the tiesolu _2 _
limit, it gets populated by baryons in the form of hot gas @ading E
to the cosmic baryon fraction), which will start cooling aodming
stars according to the analytical prescriptions adoptesiréfér the
reader ta Croton et al. (2006) and De Lucia & Blaizot (2007) fo
all the details on the prescriptions for gas cooling, stamfation,
supernovae feedback and the other physical processeshtyz s
galaxies and their morphology across cosmic times, and @@-a
scription of the model success in reproducing many progexf

the observed galaxy population. Here, we modify only theiiags
tions for the formation and evolution of supermassive blaales.

We consider two different black hole seed formation scenar- 3
ios. The first one assumes that seeds originate from rdiatight -7k
seeds, either from massive Population Il stars or from the run- o 2 '4 '5 6
away collapse of a nuclear star cluster. This scenario has ale 10 10 10 10
ready adopted in a number of published works on the co-aeolut log (Mg [Mo])
of galaxies and black holes and on the clustering of QSOs that
are based on the same model of galaxy formation used in this pa Figure 1. Mass function of the initial black holes, descending froghti
per (Marulli et all 2008; Bonoli et &l. 2009). The second cieof seeds, that populate newly formed galaxies. Each curvesmonds to a
black hole seed formation that we introduce in this work iseah different redshift of formation of the host galaxy, as iratd by the legend.
on the results of M10 presented above, and aims at desciiing ~ Note that az = 10 the initial black holes can only take the value$ 1,
formation ofmassive seedsin major mergers of gas-rich galaxies. and 16 M.

log (dng,/dlogMgy) [MPC_G]
N NN
o N

mergers as in_Croton etlal. (2006), and we use this catﬁjgue

22 Light black hole seeds generate our “library”. To compensate for still limited okgion

We assume that every newly-resolved galaxy in the simulatom- of the Millennium-II, we impose a minimum mass of*18.;, for

tains a black hole descendant of black hole seeds from Poplil these light black hole seed descendants (but we note thaethe
stars or the runaway collapse of nuclear star clusters,htiely sults presented in this paper are insensitive to the exdioe &t
formed in protogalaxies at > 10 (e.g.,| Madau & Rebs 2001; the minimum black hole mass imposed). In Figure 1 we show, at
Devecchi et dl. 2010). Given the limited mass resolutiomef¥il- various redshifts, the mass function of the black holes |aing
lennium Simulation, we can not directly track the formatimmd newly resolved galaxies, which are assumed to be the desicend
early evolution of these objects in our galaxy formation eipdo of light seeds. Atz= 10 the typical assigned masses aré b0

we have to make some assumptions on the mass of these “light"10" M. As redshift decreases, the mass assigned to new black
seeds descendants. Marulli et al. (2008) and Bonolilet@ogp  holes is higher and, for galaxies resolvedzat 3, it can even be
had assumed a fixed mass for these black holes as the glopal pro higher than 18M.

erties of black holes and quasars at moderate and low redshif These black holes will keep growing mainly during galaxy
(~ z < 5), as simulated by our galaxy formation model, are es- Mergers. When a merger takes place, we assume that the black
sentially insensitive to the mass assigned to black holesirly- holes hosted by the two galaxies coalesce instantanecasigt
formed galaxies, since any subsequent exponential groatihes  €ach galaxy hosts only one black hole at a time), and thetiegul

out traces of the starting mass. However, as we will disqustei black hole starts accreting a fractidMpy of the surrounding cold

tail below, our new model for the formation of massive seeds i 9aSMcold Which depends on the mass ratio of the merging galaxies
galaxy merger requires an accurate census of the mass & blac (Msa/Meentra) @nd the redshift of the merger (as.in Croton 2006).
holes, descendant of light seeds, at any time. For this week, ~ Specifically, the amount of gas accreted by a black hole duain
then decided to assume that the mass of the descenddighof  galaxy merger is given by:
seeds in newly formed galaxies depends on the mass of the newly- s Meold
resolved halo they reside in and on the redshift at which #ie h AMBH merger= 1+ (280kms L Vyyr )2
is resolved. We use the results of a higher resolution sitioula vir
the Millennium-I1B, to construct a “library” of typical black hole ~ wheremgoq is the total mass of cold gas in the final galaxy and
masses, as a function of halo mass and redshift. Thanks touttle fan = fBH (MsayMeentra) @nd ey &~ 0.02 is a normalization pa-
higher mass resolution of the Millennium-II, mergers ofagaés rameter chosen to match the observed Iddgl — Mpyige. This
residing in subhaloes down to few times®h0M,, are properly prescription has been shown to be successful in reproduwing
followed. Guo |(2011) have generated a galaxy cataloguehfer t  only theMgn — Mpyige relations, but also the black hole mass func-
simulation, with black holes forming and growing during aat tion atz= 0 and other observed properties of black holes, quasars

and their environment_(Marulli et al. 2008; Bonoli etlal. 200and

the choice of populating newly-formed galaxies with theidgp

(1+ Zmerg) , 1

2 The Millenniumll is an N-body simulation with the same pelginumber
and cosmology of the Millennium, but 125 times better mas®ltgion 3 from the online databasikttp://www.mpa-garching.mpg.de/Millenniuny
since run in a volume of 166 3Mpc3. (Lemson & Virgo Consortiuih 2006)
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black holes found in the Millennium-II does not modify these
sults.

2.3 Massive Black Hole Seeds

The model we construct for the formation of massive blaclehol
seeds from galaxy mergers is based on the assumptions aufis res
of the hydro-simulations of M10. We thus first describe thesults
and then how we generalize them to build a model to be use@in th
galaxy formation framework described above.

2.3.1 Theevolution of the nuclear region of merger remnants
according to hydro-simulations

M10 have used a set of numerical simulations to study theuevol
tion of the nuclear region of high-redshift major-mergennants.
The initial conditions of such mergers will be used in thelgtizal
model that we develop in this paper. The model galaxies adopt
in M10 are disk dominated galaxies (the bulge-to-disk mase r
is typical of present-day late type spirals, iBY.D = 0.2), with a
gas/stars fraction in the disk of 20% just before the mergeurs
(some gas can be consumed by star formation during the tidal i
teraction preceding the merger, an effect that will depemdhe
details of the orbital parameters and internal structuth@imerg-
ing galaxies). The choice of the gas fraction is consergagince
high-z disks can be significantly more gas-rich (Genzel 20061y
equal mass mergers of galaxies were considered, with a datk h
halo mass range betweex 30 to 10'2M,,. At lower mass scales
outflows driven by supernovae feedback should dominate @ke g
dynamics and thermodynamics, preventing central accuionlaf
gas (Governato et gl. 2010). Mergers with mass ratio belov8 1 :
have been shown to be much less efficient at concentratingpgas
the inner few tens of parseds (Callegari et al. 2009; Guedals e
2011), and were therefore not considered in M10 nor they!velll
in the model formulated in this paper.

Thanks to the unprecedented spatial resolution of theierexp
iments (the softening length of the gas in the nucleus.1sp@),
MA10 find that major mergers of disky and gas-rich galaxies in
haloes above 1@ M, are responsible for a very strong inflow of
gas down to scales of a few parsecs, peaking- di0*M.,/ yr.

A key point in this result is that the resulting inflow rates ar
a few orders of magnitude higher than those found in simula-
tions of nearly isolated unstable self-gravitating pratiagtic disks

(~ 10% — 10"M/ yr vs. a few tens of solar masses/year, see e.g.,

small scales (i.e. the nuclear disk acquires most of the gakl
mass in the galaxy due to angular momentum loss at larges3cale
Ultimately, this translates into a much higher mass inflote that
well exceeds the expectation using free fall velocity atstale of
the halo. The latter is given by:

dM/dt = mgVe3/G, @

where G is the gravitational constai; is the virial circular ve-
locity of the dark matter halo hosting the galaxy amg indi-
cates the fraction of mass which is able to collapse in frde fa
For V¢ ~ 150— 200knys, which were the typical values of the
virial velocities of the haloes simulated by M10, one would o
tain dM/dt ~ few tens of M,/ yr (assumingmy = 0.05— 0.1
as in.Lodato & Natarajan (2006)), which is several orders affm
nitude lower than what is found in the sub-pc scale merger sim
ulations. Likewise, while Volonteri & Begelman (2010) (sakso
Lodato & Natarajan 2006; Volonteri etlal. 2008) use a thr&sho
spin parameter of the halo as a further criterion to decid&lwvh
haloes would undergo seed formation via direct collapseaweid
that based on the fact that the angular momentum of the galy lik
does not trace that of dark matter at any scale (e.g.. Dulfdig)2
and especially at small scales the dynamics of the nuclekiddim-
inates the evolution of the angular momentum.

Shortly after the merger, the central region of the galaxy-re
nant in M10 is characterized essentially by two components:

e arotating nuclear disk, of the size of abeuB0 pc and mass
of ~ 10° M. Itis in this disk where a very large fraction of the gas
initially in the galactic disk has accumulated;

e a pressure-supported rotating cloud of the size of few parse
and of mass ofv 10° M,. This cloud forms from the rapid in-
flow of gas from the nuclear disk less than a million yearsrafte
the merger. Due to this strong inflow from the surroundingkdis
the cloud becomes Jeans unstable, and eventually collapseb-
parsec scales.

Once the cloud shrinks to the resolution limitX@c) the sim-
ulation cannot follow the collapse further, hence whethfarins a
supermassive star first or collapses all the way into a sestkbl
hole is uncertain at this stage. Both processes, howeverldwo
lead to the formation of a massive seed on timescales shaugén
(< 107 yr even in the case of the slower route via a supermassive
star stage) that, for the purpose of this work we will considstan-
taneous. The mass of the seed in the runaway gravitatioliapse
case could be much larger, comparable with the mass of the clo
but we will consider the supermassive star route in ordeetodn-

Regan & Haehnelt 2009). The reason is that in mergers gasecan b servative 1 ~ 10° M, see Begelman (2010) and, for the cases of

shocked and torqued much more effectively, losing mostsoduit-
gular momentum over a short timescale.

A much higher predicted inflow rate is also a difference with
respect to semi-analytical models of seed black hole faomata
direct collapse (e.g. Volonteri & Begelman 2010), which sider
the conditions at the virial radius of the host galaxy hataleed, in
M10 gas flows inward owing to continuous loss of angular momen
tum by torques and shocks over a wide range of spatial scales (
small scales the torques are provided by spiral arms in te@hble
nuclear disk arising at the center of the merger remnan#. rigt
inflow rate at the center thus depends on the integrated: effed
the torques at different scales rather than on the conditirihe
global galactic or halo scales. The resulting charactenstiocity
of the gas is much higher than the free fall velocity at the éial
radius, while the gas mass reservoir is still within a factba few
of the total amount of gas available in the galaxy even atively

the large inflow rates considered here, Dotan el al. (20Thy cir-
cumnuclear disk + supermassive cloud configuration is thken
lying structure that we will consider to construct our pheemo-
logical recipe of massive seed formation and growth.

2.3.2 Massive black hole seeds in the galaxy formation model

In our new model, we assume that massive black hole seeds form
during the major mergers of massive gas-rich late-typexgedahat
satisfy specific constraints. Mimicking the initial condits used in

the simulations of M10, the exact conditions for insertingassive
seed are the following:

(i) A major merger. We impose a minimum mass ratio
Mgal,1/Mgal 2 0f 0.3, where withMg, we refer to the stellarcold-
gas component of the galaxy. As discussed above, this ivated
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by simulations results_(Callegari et al. 2009; Guedes|e2@l.1)
who showed that mergers of galaxies with smaller mass rati®s
not violent enough to trigger strong gas inflows towards ey
center;

(i) A minimum mass of the dark matter halo of the merger
remnant Mpgo of 101 M. Mpao corresponds to the subhalo
mass for satellite galaxies and the virial mass for centrdlkis
threshold in halo mass comes from the results of the M10 simul
tions, which show, with varying mass of the merging galaxileat
the central collapse does not occur below such mass scatesida
of increased stability of the nuclear disk. Future analg§ian ex-
tended sample of numerical simulations will have to claifify is
indeed the mass or rather the central density of galaxigeohed
by the maximum circular velocitynax, the fundamental variable
governing the mass inflow.

(iii) A bulgetototal ratio B/T of both merging galaxies of at
most 0.2. The results of M10 clearly show the importance of a disk
to sustain the spiral patterns able to feed the nuclear memfithe
merger remnant. Galaxies with such IB¥T ratio have both very
large gas fractions, so they potentially have enough futded the
nuclear region of the merger remnant, and the structuregooper
dynamical response to generate the required multi-scalenfaw
as a result of tidal interactions (a dominant bulge tendsaioilize
a galactic disk even in the presence of strong tidal pertimhs,
weakening the gas inflow).

(iv) The lack of a black hole of mass larger than 106 Mg,
As pointed out by M10, any pre-existing massive black hoté fe
by the inflowing gas would stabilize the nuclear disk via aadi
tive feedback. We set $M, as threshold, as the feedback from
smaller black holes would likely be too weak to halt the gdlowm
and only massive black holes might be able to actually releh t
center remnant, thanks to dynamical friction, in timessaleorter
than the timescale of gas inflow and formation of the centmla
(Mayer et all 2007; Chapon et/al. 2011).

If the above conditions are met, we assume that the merger is

able to give rise to the high gas inflow rates that lead to the-po
merger configuration found by M10: a nuclear cloud of 2,
surrounded and fed by a circumnuclear disk. We assume that th
central part of the cloud quickly collapses into a superivasstar
which, in a short timescale, gives rise to a black hoIewdfOSM@

via a “quasi-star”. As the timescales for these processeveary
short compared to the time resolution of the cosmologicalit-
tion, we assume that a massive seed of W), is formed as soon
as the conditions on the merger described above are met.

After being formed, the seed can start accreting the gds stil
flowing from the circumnuclear disk to the surrounding resid
cloud. We assume the circumnuclear disk to @& 2f the to-
tal mass in cold gas, which is approximately the value foupd b
M10. Such high fractions of gas in the central region of major
merger remnants have also been seen in previous simulédans
Barnes & Hernquist 1996). Further assuming that stars irdige
form with a 30% efficiency (which can be seen as an upper limit o
the star formation efficiencies in molecular clouds at sreedlles,
i.e. well below 100 pc, e.g.. Evans et al. (2009)), abot® af the
gas in the nuclear disc can feed the remnant nuclear clouthand
be available for the black hole.
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Accretion ~ Nuclear disc ~ 100 pc
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Figure 2. Sketch of the structure surrounding the massive black resd s
(of ~ 10° M) formed from the supermassive star after the quasi-starepha
The reservoir of gas from which the black hole grows inclutiessemnants
of the central massive cloud from which the initial supersagsstar formed
and the gas still flowing from the nuclear disk. The growthhef seed stops
once its feedback energy balances the binding energy ofethigat reser-
Voir.

much lower rates than the super-Eddington rates that madasit
formation possible during the quasi-star phase, and itkeepwv-
ing until its feedback energy is able to unbind the reserisa@e the
sketch in Figur&l2).

Equating the total energy emitted by the black hole durimg th
accretion phase and the binding energy of the gas resemmget:

ts : GM?
/ SfeedﬁrMCZdt = ; r R
i

r

©)

whereegteo is the efficiency of feedback coupling, which we set
to 0.05 as the value typically adopted by the community (e.g.,
Di Matteo et al! 2005)g; is the radiative efficiencyM is the ac-
cretion rate, and, is the radius of the region. The amount of gas
accreted by the black hole seeds is then given by:

1 GM?
Efeed€rC? It

A|\/|BH.,reservoir = (4)
We assume thatMp reservoir IS accreted at the Eddington rate of
the black hole. However, given the uncertainties on thegmttgs of
the ambient medium, we do not try here to estimate the luntinos
output of those events, and we postpone this further magiédia
future work.

The model developed here relies on few parameters, whose
values are set by the hydro-simulation results of M10. THe pa-
rameter not well constrained by the simulations;ighe radius of
the central reservoir. We decided to assume two values iop#
rametery, = 1pc andr; = 0.1pc, which are plausible assumptions
in the range of the characteristic sizes of the supermasiuels
found in M10. Given the importance of in setting the final mass
of massive seeds after their first accretion phase, mosteofeh
sults in the next sections will be discussed for both valdebie
parameter.

After the formation and having accreted from the reservoir
cloud, the massive black hole seeds can further grow when the
host galaxy experiences a new merger. In those subsequaet ac
tion events, the massive black hole seeds are treated irathe s
manner as the descendants of light seeds: they merge wiblettie
hole hosted by the companion galaxy and grow according ta-equ

With these numbers in mind, we assume that the remnant of tion[d. We use this prescription for black hole growth for thi

the nuclear cloud and the gas still flowing from the nucleak di
form a “reservoir” of gas oM, = 2/9Mgas (With Mgas being the
total cold-gas gas in the galaxy), from which the newly-fedn
massive black hole seed can accrete. The black hole now griows

mergers that do not satisfy the condition for the creatioa ofas-

sive seed, as we do not have at the moment enough input from
small-scale hydro-simulation to attempt a general newpeethat
would hold for all kinds of mergers.
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Figure 3. For the merger events of galaxies hosted by haloes of at least
10 M., probability of satisfying the conditions imposed for terhation

of a massive seed via direct collapse: the blue diamonds gt@ivaction

of major mergers, the green squares the fraction of mergataxigs with a
black hole smaller than 2aM,, and the orange stars indicate the fraction
of mergers that involve late-type galaxies. The red buitetbe lower panel
indicate the fraction of major mergers that satisfy all tbaditions for the
formation of a black hole seed from direct collapse. The gnsgmbols
indicate the fraction of galaxies with a small black hole avith late-type
morphology for major mergers only.

Finally, if a massive seeds merges with a light seed, the new
black hole will have the “light” or “massive” seed tag, dedemy
on which black hole progenitor is larger.

3 RESULTS

After having set the theoretical assumptions that definexmdel,
we now look at how frequently the imposed conditions for e f
mation of a massive seed are met as galaxies evolve from &ih r
shift to the local universedB.1l). We then look at the relative im-
portance of black holes from massive and light seeds in daefini
the total black hole populatior§f8.2). Finally, we compare the typ-
ical environment in which the descendant of light and masseed
reside, trying to find differences which could help tracirgk the
origin of black holes §3.3).

3.1 Statisticsof events

We first of all explore if and how frequently the conditions the
formation of a massive seed from galaxy mergers describsedn
tion §2.3.2 are actually met in a realis#icCDM universe.

In the top panel of Figullg 3, we show, as a function of redshift
the probability of satisfying each of our condition for theerhation

of a massive black hole seed. Of all mergers of galaxies whose

remnants is hosted by a subhalo of at leadt M., the fraction of
major mergers (mass ratio 1 : 3, blue diamonds), is apprdeimna

Figure 4. Number density of major mergers (mass ratid : 3) of galaxies
hosted by subhaloes of at leastldl ., obtained from the rate of events
and assuming a “visibility time” of 100 Myr (red solid linepf these merg-
ers, the number density of the ones that satisfy the reqein&mfor the
formation of a massive seed from direct collapse is indetég the large
red bullets. The blue dotted line and the blue triangles sheveame quan-
tities, but assuming that the threshold for major mergerk:i40 instead
of 1: 3. Finally, the black dashed line and the crossed bléaakes show
again the number densities of major mergers (with 1 : 3 mdssttaesh-
old) and events of massive seed formation, but assumingsibitity time”
of 1 Myr. The green stars indicate the number density of alesehigh-
redshift quasars from Shen et al. (2007), put here to prawieeeader with
an order-of-magnitude comparison.

constant with redshift, and of the order of few percents. ffae-
tion of merging galaxies hosting a black hole (descendeatlight
seed) smaller than $0M, is, as expected, a strong function of
redshift (green squares): at high redshift, the probatiitiat a ma-
jor merger involves galaxies with a small black hole is giigh
(and even equal to one abowez = 4), but it decreases sharply at
lower redshift and, in the local universe, about 20% of botrgn
ing galaxies have a black hole smaller thafi b0 If the merging
galaxies are experiencing their first merger, the mass oblgnek
holes they host is still the mass assigned when the hostigalax
were first formed. In this work, the mass assigned to thesekbla
holes, assumed to be the descendants of light seeds, isagstim
using the outputs of the Millennium Il simulation, as dissers in
section§2.2. If we had assumed a fixed mass of 1010* M,

as was done in previous works, the probability of satisfydbe-
strain on the pre-existent black hole mass would have bagrehi

in particular at low-z. Moreover, it might be plausible thia¢ de-
scendant of light seeds do not populate all galaxies, as we co
servatively assume here, as some POP Il stars might neaeh re
high enough masses to form a black hole (see, eg., the disnuss
in |Volonteri & Bellovary 2012). In this respect, then, thenmoers
shown here can then be considered as lower limits. On the othe
end, a channel of black hole feeding not considered in therref
ence model which could make black hole masses rise sigrtifjcan
before any merger takes place, is growth by secular ingebil
We tried to add this growth channel to look for any change & th
statistics of events of massive seed formation found withref:
erence model. Our reference galaxy formation model alréwcy
a prescriptiolﬂ for testing the instability of galactic disk: we sim-

4 The stability criterion used in the model is the one intraetiiby Mo et al.
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ply assumed that when instability is detected, not only thigéo
grows, but also a small fraction of the gas in the galaxy reathe
nuclear region and feeds the central black hole. While wetfiat
the additional growth by disk instability has a detectalffeat in
increasing the total normalization of the black hole masgtion,
it does not influence the statistics of massive seed formabsk
instability events, in fact, mainly take place is galaxieattnever
satisfy the other conditions for the formation of a massieeds
as discussed hy Guo et al. (2012), disk instability is imgratrfor
building up bulges in Milky Way-type galaxies, which we datno
expect to be hosting a massive seed.

The other constraint we impose for the formation of a mas-
sive seed is the low bulge-to-disc ratio of the merging gakx
The probability of having two disk galaxies involved in a mer
is shown in the same figure (orange stars). The fraction ofymer
ing disk galaxies is also quite high (betweer8 @nd 1) above
z= 3, but decreases with decreasing redshift, as the totaidreaf
disk galaxies is lower. The morphology in the code is treat®th
Croton et al.|(2006) and De Lucia & Blaizot (2007); in a later d
velopment of the model introduced by Guo (2011), galaxidé®su
a more gradual stripping of cold gas when they become gatelli
with respect to the previous models. In this case sateltlexg

7

ers at high redshift satisfy the conditions for the formataf a
massive seed, while, at lower redshift, fewer major mergers
lead to a new massive seed. To guide the eye with an order-of-
magnitude comparison, we plotted in the same figure the num-
ber density of high-redshift observed optical quasar regoby
Shen et al!(2007). While a direct comparison between therobd
quasar properties and our black hole population is beyamddbpe

of this paper, we see that the number of events possibly fgymi
direct collapse seeds is large enough to account for brigtit o
cal quasars. In the same figure, the blue dashed line andubke bl
triangles show the number density of mergers and events sf ma
sive seed formation if the threshold for a major merger isetesed
from1:3to1:10, as usedlin Volonteri & Begelman (2010) irithe
study of the evolution of quasi-stars. Clearly, the numbevents
assuming a smaller mass-ratio threshold is much higherpapp
mately an order of magnitude higher at all redshifts. Asutised

in sectiond2.3.2, we conservatively use a mass threshold of 1 : 3 in
our reference model as mergers of galaxies with smaller ratiss
might not be violent enough to lead to the high gas inflow rates
essary to form a supermassive cloud. Finally, in Fidgdre 4 lse a
show the number density of major merger and massive seeéform
tion events for our reference model, but assuming a mucheshor

ies have even lower B/T ratio at all z, as the gas remains on the visibility time (1 Myr), which is approximately the life4tie of the

satellite and can keep cooling and forming stars in the disk],
central galaxies also have, on average, lower B/T disk.rgltfith
this newer version of the model, the fraction of merging giala
with low B/T ratio would even be higher, and our estimateshan t
probability of satisfying the condition on the galaxy moofiigy
can also be regarded as lower limits.

The resulting fraction of major mergers that satisfy all¢ba-
ditions to form a massive seed black hole is shown in the lower
panel of the same figure: all major mergers abowe4 could po-
tentially lead to the formation of a massive black hole fromect
collapse. Atz ~ 2 the fraction of major mergers that can form a
massive seed has decreased to half, and in the local univelge
20% of major mergers lead to direct collapse. Yet, it is patérly
interesting that our model predicts the presence of favmereon-
ditions for the formation of black holes from direct colleps a
small fraction of major mergers in the local Universe. While
defer to future work a detailed study of the possible obgemwal
signatures of these events, in sectifiid we briefly discuss some
properties of their environment.

In Figure[4, we show the redshift evolution of the number den-
sity of major merger as well as of massive seed formationtsven
As from our simulation we have information on th&rger rate,
that is, the number of mergers per time interval within twb-su
sequent snapshots, to obtain the number density of possgitye
events, we have to assume a typical timescale for the duoratitne
events. The numbers shown in the figure are obtained assyfoing
each merger, a visibility time of £9r, which is approximately the
estimated life-time of bright quasars (elg., Martini 2ZQ0&gllow-
ing this definition, the number density of major merger eveoft
galaxies hosted by subhaloes abovéli, is indicated by the
red solid line. The red bullets show the number density o$ehe
major mergers that also satisfy all the condition for tharfation
of a massive seed: as discussed above, essentially all major

(2998): the stellar disk of a galaxy becomes unstable whisnirtbquality
ismet:——Y___ < 1. Ifthe disc is unstable (its mass in stars is larger
(GMyisic/Ydisi) ™/ . . ) )
than the mass that gives rise to the inequality), the exdeflarsmass is

transferred from the disk to the bulge to restore stability.

supermassive star and quasi-star phase. We postpone tara fut
work a detailed study of the observability of individual ete of
massive seed formation, but this would be approximatelytire-
ber density of supermassive stars/ quasi-stars from gafeexgers
as predicted by our model.

3.2 Black hole properties

We now look at the global properties of the supermassivekblac
holes descendant of massive seeds, comparing them botlohbvith
servations and with the properties of black holes with atlgged
progenitor.

We start by looking at the evolution of the mass function, for
black holes both with light and massive seed progenitorgu(iei
[B). For the latter, we show the results obtained assuming &ot
1 pc reservoir of gas and alOpc reservoir. In the first case (up-
per panel), the black holes from massive seeds (red curess) d
inate almost the entire mass functionzat 6 and above; at =4
the mass function is already dominated by light seeds ddacés
(blue curves), except for the most massive end. For a srmaler-
voir cloud (Q1 pc), the direct collapse black holes can grow to
larger masses after their formation: in this case, a sutigtamum-
ber of black holes with masses above® M, is already present
atz= 6, and the direct collapse black holes dominate the massive
end of the mass function o~ 2. In the local universe, in a wide
mass-range, the number density of black holes from lighisée
a couple of order of magnitude higher than the number den$ity
black holes formed from direct collapse. Only at the very shees
end (above 1D M), direct collapse black holes are about 10%
of the total population for the 1 pc reservoir case. For tteeda
which the gas reservoir isDpc, atz= 0 and above M, the
massive seeds descendants are only about one order of ougnit
less numerous than the light seeds descendants with thefisaine
mass. Around 18 M., the black hole with a massive progeni-
tor are almost as numerous as the light seeds descendathe. In
same figure, at = 0, the the grey band indicates observational es-
timates from _Shankar etlal. (2004), and,zat 2 andz = 4 from
Merloni & Heinz (2008). Finding the model parameters thatdye
match the black hole mass function is beyond the goal of this p
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Figure 5. Black Hole mass function at various redshifts as indicatethe panels. For the top panels we have assumed that nesmiedomassive seeds
grow from a gas reservoir of 1 pc, while for the bottom paneladius of 01 pc is assumed. The blue curve shows the mass function & hizles with a
light progenitor, while the dark red curve shows the masstfan of black holes with progenitor from direct collapséeldashed curves indicate the mass
functions of black holes emitting at more that 10% the Edtindimit, for the light seed descendants and massive segldhmges (light green and orange
respectively). The width of the lines include the-I error. Atz= 0, the grey band shows the black hole mass function calcllatsShankar et al. (2004),
while atz= 2 and atz= 4 the grey band is the estimate for the mass function derivedigh a continuity equation by Merloni & Heirz (2008).

per, given also the still large uncertainties in the estawnaif the
mass function at high redshifts. We note, however, thatzthed
mass function is very well matched by the current model, ss al
reported by Marulli et &l. (2008). There is some discrepamiti
the mass function estimated by Merloni & Heinz (2008)Zet 4,
but we see that a smaller reservoir cloud could help incngatsie
mass function at the high-mass end, and possibly other efsaoh
black hole growth, such as secular instabilities, coulg retreas-
ing the normalization of the predicted mass functlon. Wil al.
(2010) attempted to estimate the mass function of the blatdsh
powering the very luminous quasars observed at6. When we
compare with their results, we find a rough agreement atstale
low 1B M. At higher masses, where their mass function is best
constrained, we unfortunately do not have model predistias
the volume of the Millennium Simulation is too small to sampl
the population of rare massive black holes at those redshift
Finally, Figurd® also shows the evolution of the active blac
hole mass function, where we define a black hole as active if it
is accreting at a rate higher than 10% of its Eddington radeeB-
tially all black holes with a massive progenitor are activglowing
atz= 6, but the fraction of active black holes strongly drops with
decreasing redshift (orange, dashed curves). This iredi¢hat the
most massive black hole seeds formed and grew at early time. |
deed the most massive end of the direct collapse black hoss ma
function does not evolve much bel@w= 3. On the other end, the
descendants of light seeds are strongly growing at inteiateeeind
low redshifts, and, by = 0, they completely dominate the mass

function also at the highest masses. This is likely due tdetbigthat
the most massive galaxies (and dark matter haloes), maisbna:
bled at late times_(De Lucia & BlaizZot 2007; Angulo etlal. 212
when the probability of satisfying our constraints for tbeniation
of a massive seed is lower. It is not obvious how the accretites
of massive seeds accreting from the gas reservoir traristatéu-
minosity, we thus do not attempt here to predict the quasainios-
ity function from the active black hole mass function shoveneh
Thanks to the cosmological framework in which we work, we
can directly compare the merger history of black holes wghtl
and massive seed progenitors. Fidure 6 shows several fisspef
the merger history of black holes that are descendantstufdepds
and direct collapse black holes that had a first accretiosgha-
suming a reservoir of 1 pc. All quantities analyzed are plbts a
function of the black hole mass at= 0; as both the descendants
of light seeds and massive seeds (wijth= 1 pc) show a relatively
tight relation with galaxy mass (in Figuté 7 we show the ielat
with bulge mass), studying the history of black holes at fires,
implies fixing the mass of the host galaxy. The top panelscatdi
the average number of progeniBr(s)r mergers) that contributed
to build up the black holes of final mass indicated in the »saxi

5 We note that the absolute number of progenitors per galaxylézk
hole) depends on the resolution of the simulation, but thegive differ-
ences in the merger history of light and massive seed prtmyeris insen-
sitive to the resolution limits.
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Figure 6. Merger histories of the galaxies hosting light seed desaetsd
(blue triangles) and massive seed black holes in the modél avil pc

reservoir (red circles), as a function of black hole mass-at0. The top

left panel shows the average number of progenitors (méergetsle the

average number of major mergers is shown in top right pahel3ottom
panels show the average redshift of the first major mergetofimeleft) and

the average redshift of the last major merger (bottom-yigftte error bars
bracket the 25th and the 75th percentile range.

Across all masses, light seed descendants and direct selldack
holes seem to have had a similar total number of progenitops (
left panel). The most massive black holes are sitting inxgetathat
had hundreds of progenitors. Of all the mergers, only fevhefrt
are classified as major (with mass ratio above 1 : 3). Whilestie
a small evidence that the host galaxies of black holes frossiva
seeds experience more major mergers than the host gal&ligisto
seed descendants, the difference is not large, and thellavenal
as a function of mass is the same for the two populationsr{thg-
panel). The bottom panels show the average redshifts of tte fi
and last major mergers. While there is only a mild differeimcne
typical redshift of the last major merger, with galaxiestivaglight
seeds having the last merger at lower redshift than galdsdst
ing massive seeds (right bottom panel), there is a cleaerdifice
in the median redshift of the first major merger between thetmo
massive light seed descendant and massive seeds desagfttient
same mass (left bottom panel): black holes originated framctd
collapse are sitting in galaxies that experienced a firsbnmagrger
at much higher redshifts than the galaxies hosting lightisead,
as we have seen in Fifgl 3, most major mergers @bove 4 po-
tentially satisfy the conditions we imposed for the forroatof a
direct collapse black hole seed.

3.3 Black holesand their environment

Given that we are studying black hole seeds in a full galaxy-
formation model applied to the outputs of the Millennium 8im
lation, we have the perfect framework to study not only the-co
mological evolution of black holes, but also the large-saathvi-
ronment in which black holes grow. Once black holes have expe
rienced exponential growth to become the “mature” objelctd t

power AGN, it is impossible to recover information on the pro
erties of their seeds, but the large scale environment nhiglpt us
reconstruct the history of the hosted black hole.

3.3.1 Scaling relations

Figure[T shows the relation between black hole and bulge atass
three different redshifts. The white-black area shows thstipn

of the light seeds descendants on Mgy — Mpyge plane, where
darker pixels indicate a higher number density of objecte Juc-
cess of the prescription of black hole growth described irlEp
reproduce the observedgy — Mpyige, €Specially at high masses,
has already been discussed in previous warks (Croton |e®@é;2
Marulli et alll2003) (here the scatter is larger than presfipshown

as we include in the figure also satellite galaxies). For tbe/th of
massive seeds soon after formation, we do not impose angrpedf
scaling with the mass of the host galaxy or dark matter halb, b
rather a very simple self-regulation mechanism, where thi@ om-
constrained parameter is the size of the reservoir cloud fubich
the new massive seeds can grow (se¢ Eq. 4). In Figure 7 thetsd d
indicate where massive seeds descendants sit in the rel&dioa

1 pc reservoir (upper panels), and @c reservoir (lower panels),
with the symbols color-coded depending on the redshift ohte
tion of the seed. The oldest black holes from direct colldpsaed
aroundz = 12, and they are among the most massive black holes at
z= 0, but there is also a large number of black holes that formed
at later times and quickly accreted to the highest massetheln
1 pc reservoir case, as soon as they are formed, the seeddlsé o
relation, or slightly above it. It is interesting that thengile self-
regulation mechanism for newly-formed massive seeds s bl
bring them close to the relation, when= 1 pc is assumed. Dur-
ing subsequent mergers, the black holes from massive seadas g
along theMpy — Mpyge following the prescription for light seeds
(Eq.[d), and, byz = 0, the most massive black holes show very lit-
tle scatter. The picture is different when d c reservoir cloud
is assumed: the seeds are allowed to grow to higher massag dur
the first phase of accretion, and only the black holes thagrxp
ence many subsequent mergers head towards the relatian- Bit
the most recently formed massive seeds are well above ti@rel
Assuming that the value @f would be in between the two values
adopted here, our model predicts few outliers in the ratatie-
tecting such outliers, however, might be observationaifficdit,
given the challenges in measuring directly black hole nmasel
given the low space-density of black holes descendant oSireas
seeds.

3.3.2 Properties of the host galaxies and haloes

In Figure[8 we show the morphological properties of the galax
ies hosting descendants of light and massive seeds. Thatmgbsp
show the distribution in bulge-to-total ratio of the gaksihosting
black holes with light seed (top-left) and massive seed-(imgit)
progenitor as a function of the black hole masz at 0. For the
descendants of light seeds, small black holes live predamtiyin
disk-dominated galaxies (blue area), while the majoritynasive
black holes sit in bulge dominated galaxies (red area). FEsiae
seed descendants, the morphology distribution of hoskigslas
more constant across black hole mass, with an essentiajligine
ble amount of black holes in purely disk galaxies. In the lopan-
els the same morphology distributions of host galaxies tsvsh
for objects atz = 2.5 and, in this case, only galaxies hosting an
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Figure 7. Relation between the black hole mass and the bulge masgatdtifferent redshifts, as indicated on the panels. Theapegyindicate the relation for
light seeds descendants. The red points indicate the gositi the relation for the black holes descendant of maseiess Darker red corresponds to higher
formation redshift, as indicated in the side color bar. itibp panel the massive seeds formed assuming a radius dfrlipefuclear gas reservoir, whereas
in the bottom panel the reservoir has been assumed to hadua &f Q1pc. The solid lines at = 0 show some fit from observational data (Haring & Rix
2004 Giltekin 2009; Hu 2009).

active black hole (accreting at a rate higher than 10% of igidi ing in haloes smaller than 10'2 M. At larger masses, while the
ton) are included in the calculation. At this redshift, véew black subhalo mass function drops quickly, the halo mass fundtain
holes above 1M, are active (see the active mass function, shown tens out and, at lower redshifts, reaches very high madsese are
by the dashed curves in Figdre 5), so we exclude them from the massive seeds forming in subhaloes that are the hosts tifteate

present calculation. Black holes from light seeds sit nyaimbisk- galaxies in larger haloes, that reach the masses typicalistecs.
dominated galaxies, and only a negligible amount is in sgter We find, in fact, that at = 0 about 20% of new-born massive seeds
The same holds for the active descendants of massive setfts in  are in satellite galaxies.

10’ — 10° M, but the smaller black holes (mainly recently-formed In the right panel we show in which haloes the descendants of
seeds) are essentially only hosted by ellipicals. Our moleelrly these massive seeds are today: seeds formed at very hidtifteds
predicts quite different morphological properties for tiedaxies sit in very massive haloes, with only a small fraction in leslde-
hosting light and massive seeds remnants, in particulablamk low 10'2 M. The descendants of seeds forming at more recent
holes of intermediate-small mass scales. Galaxy morpkaiogld times are also sitting in massive clusters, but there issstibction
then contain important information on the origin of the leablack of the population in smaller haloes.

holes.

We now look at the properties of the dark matter haloes host-

ing massive seeds. In the left panel of Figke 9 we show, &t var 333 Clustering
ous redshifts, the mass function of the haloes (solid linas)sub- It is well known that the space distribution of dark mattefoea
haloes (dotted lines) hosting newly-formed massive sdedsé¢n- and galaxies can be different from the distribution of thdeny-

tral galaxies we take the virial mass of the halo as subhalsna  ing dark matter| (Kaiser 1984; Bardeen €l al. 1986). The taiotp
The mass functions clearly peak at'3M., as expected, given  auto-correlation functidhprovides information on how strongly a
that we impose that value as the minimum halo mass wherewveassi

seeds can form. As in central galaxies, according to our itiefin

the subhalo and halo masses are equivalent, the two mass funcé The two-point spatial autocorrelation function &(r) for a given class of
tions trace each other for massive seeds forming in censitakg objects is defined as the excess probability for finding agtardistance,
ies. This seems to generally be the case for massive seeds for in the volume elementsw and d/»: dP = n?[1 4 &(r)] dV1dVz, wheren is
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Figure 8. Morphological distribution of the galaxies hosting the cies
dants of light or massive seeds (left and right panels reéispbg, atz=0
(upper panels) and at= 2.5 (lower panels). At each black hole mass,
the area of different colors indicate the relative contidiu of galaxies
with different morphologies, defined through the bulgeetzl ratio: blue
refer to discs or extreme late-typ8/T < 0.3), green to normal spirals
(0.3 < B/T < 0.7) and red to elliptical galaxieB(T > 0.7). At z= 2.5,
only active black holes are considered.
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Figure 9. Left pandl: At various redshifts, mass function of the dark mat-
ter subhalos (dotted lines) and haloes (solid lines) hgstiewly-formed
massive seed®ight panel: local mass function of the haloes hosting the
descendants of the massive seeds formed at the redshifis left panel.

given class of objects is clustered at a given scale, andtineram-
plitude and shape of this function is possible to extractartgmt
information on the environment of the objects analyzed.

One of the main advantages of studying galaxy evolution in
models run on dark matter simulations rather than extendeskP
Schechter models, is the possibility of studying the chilsgeof

the average number density of the set of objects under cenagion (e.g.,
Peebles 1980)
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a targeted set of objects, using the distribution of the daalter
haloes in which the objects reside.

At any given time, the most massive dark matter haloes are
the most rare and bia&abbjects, corresponding to the highest
peak of the dark matter density field. While the clusteringobsm
tude of dark matter haloes depends mainly on halo mass agd onl
weakly on other properties, such as assembly history, ctrace
tion, recent mergers (e.gl, _Gao etlal. 2005; Wechsler 208i6;2
Angulo et al| 2008} Bonoli et al. 2010), the clustering ofayads
depends strongly not only on mass, but also on galaxy priepert
such as color and surface density: for example, at fixechstalhss,
red and passive galaxies cluster more strongly than blaefem-
ing galaxies (e.g.. Li et dl. 2006), which is a consequenagatsx-
ies of a given stellar mass, populating different dark nndtédoes.

Here we want to study the clustering properties of galakxias t
host the recent formation of a massive black hole seed, theur
gain insights on the large-scale environment of these svenFig-
ure[10 we show the= 0 two-point correlation function of galaxies
that experienced a major merger that led to the formationnohs:
sive seed (red solid curves). For comparison, we also shewib:
point correlation function of all other major mergers at dane
epoch that did not satisfy the conditions for direct colaislue
dashed curves), randomly extracting, from the entire i,

a subsample that matches the massive-seed population ipenum
of objects and in the distribution of stellar mass (left garidack
hole mass (central panel) or halo mass (right panel). Usimgame
matching criteria, we also randomly extract subsamples fitee
entire galaxy population, and the correlation functionhege ob-
jects is indicated by the green dotted-dashed lines. Talza&the
uncertainty in the auto-correlations due to random sargplfior
each matching criteria, we selected 100 random subsanmples f
the parent populations, and the error bars bracket the 1®and
percentiles of the distribution. We find that galaxies tretently
experienced a direct collapse event are significantly ¢asstered
than the rest of the major-merger population and the entifexy
population, when these are matched by stellar mass or bialek h
mass (left and central panels). Moreover, all recent mer(sth
the ones that lead to a massive seed and the ones that préserve
small seed) are anti-biased with respect to the dark matituali-
tion. On the contrary, the random samples extracted fronethe
tire galaxy population is slightly biased. Clearly, thiglicates that
galaxies with similar stellar mass or black hole mass ctudife
ferently depending if they experienced a recent major meldes

is in line with the observational results indicating thatdslactive
galaxies are less clustered than red-passive ones. Whehingat
samples by halo mass, these differences essentially vaMesfind,

in fact, that, at fixed stellar mass, galaxies with a recefuttyned
massive seed tend to be found in less massive haloes tham-the a
erage galaxy and, when we match out samples by halo mass, the
differences in clustering get erased as halo clusteringmtdsp pri-
marily on mass. The smaller clustering amplitude of recesrgers
(and, to an even larger extent, of mergers that lead to dawet
lapse), indicates that, in the local universe, anti-biagsexies are
the possible sites for finding on-going events of directaqmk. We
find that these are mainly galaxies that lived in isolatiamfiost of
their lives, and that only recently experience encountetts ether
objects with similar properties.

We also looked at the clustering behavior of galaxies hgstin

7 At any given scale, the bias parameter indicates how moregsj clus-
tered objects are with respect to the dark matter.
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newly-formed massive sees at high redshift, but we couldindta
signal as strong as the one showed above: all samples showv a si
ilar clustering amplitude, independently on the assumettinirzg
property. Unlike the = 0 results, we also find that at high redshifts
galaxies hosting a new massive seed show a much higheraorrel
tion function than the underlining dark matter distribatiavhich is
expected, given that haloes abovéd M, (which is the imposed
minimum mass in which massive seeds can form) reside in highe
and higher density peaks as redshift increases. This iaémith
guasar measurements at high redshits @), which indicate that
bright quasars are a highly-biased population, living ghhilensity
peak (e.gl, Shen etlal. 2007, 2009). In our model the blacistus-
scendants of massive seeds dominate the massive-end o&fise m
function at very high redshift (see Figurk 5), so these cbelthe
objects powering the brightest highly-clustered quasars.

4 SUMMARY AND CONCLUSIONS

In this paper we have introduced a new scenario for the forma-

tion of massive black hole seeds. Based on the results ofethe s
of hydro-simulations from _Mayer et al. (2010), we tightlpkithe

e Massive seeds evolve very rapidly at high redshift, but do no
grow significantly in the local universe. Of the most massilack
holes today, the ones descending from a massive seed sittjtrf
galaxies that had a first major merger very early. On the aoptr
the massive descendant of light seeds are in galaxies tkhas ha
first major merger relatively recently, but grew very quictd high
masses.

e While the most massive black holes today sit in bulge-
dominated galaxies, independently if they descend frorgta br
massive seed, the morphology of the host galaxies of snialiek
holes is very different for the descendant of light and masseeds:
black holes between £V, and 16 M., with a light seed pro-
genitor preferentially sit in disk-dominated galaxies letthe de-
scendants of massive seed in the same mass range are hosted by
bulge-dominated galaxies.

e Galaxies that host massive seeds formed at very recent times
have significantly lower clustering amplitude than a randarh-
sample of the global galaxy population with the same steflass
distribution. While this can be explained by the fact thatfixed
stellar mass, recent mergers take place in smaller haleesptser-
vational signature of this effect should be very clear.

formation of a massive black hole to the major mergers of gas- Massive black hole seeds are a very attractive scenarimatte

rich disk-dominated massive galaxies with no pre-existhagsive
black hole at their center. Such mergers can, in fact, ealsdynel a
lot of gas at the center of the merger remnants, forming gsubec
scale cloud which will likely lead to a massive black holedseée
ther through direct gravitational collapse or, more likehrough a
supermassive star/ quasi-star phase. In mergers of thisikifact,
the accretion rate to the center are seen to be order of midgsit
higher than in isolated protogalaxies.

We developed a formalism to track such events in galaxy for-
mation models to predict the evolution and environment ofsive
seeds across cosmic time. Rather than tuning the modeldraenp
eters that control the formation of massive seeds with ebtienal
data, we set their value using the findings of the hydro-sitiuhs
of M10, so that all our results on massive seeds can be coadide
genuine predictions of theoretical models. These are oum nea
sults:

e Atredshifts above ~ 3—4 almost all major mergers of galax-
ies residing in haloes of at least’dM., meet the imposed condi-
tions for the formation of a massive black hole seed. At lorveer
shifts the fraction of major mergers able to produce a mass#ed
strongly drops, and, bg = 0, the fraction has reduced to 20%.
This dropping is due to the sharp decrease in the probabflitgav-
ing a major merger which involves two disk-galaxies with il st
small black holes.

e Massive black hole seeds can dominate the massive end of

the mass function above~ 2 orz ~ 4 depending on the radius of
the gas reservoir from which they accrete just after them#ion.
Newly-formed massive seeds are, in fact, allowed to acdrete
the surrounding gas until their feedback energy is able bonghit.
As the binding energy of the gas reservoir depends on itsigdlys

size (at fixed mass), massive seeds grow to larger masses in th

model runs where the reservoirs are assumed to be smaller.

e Massive black hole seeds soon after formation sit on or above

the Mgy — Mpyge relation, depending mainly on the size of the
reservoir assumed. We generally expect a fraction of delsces
of massive seeds to still be above the relation in the localdyse,
but this population might not be easy to detect, given thdipted
small number density of these objects and given the diffesin
measuring black hole masses directly.

tive or, more likely, complementary, to models of light seétm
Poplll stars or the collapse of nuclear star clusters. Whitessive
seeds from metal-free protogalaxies can only form at vegl hed-
shift, in this work we have shown that massive seeds fronxgala
mergers, which do not require metal-free gas but rely onfareifit
set of conditions, can form both at high redshift and at mecent
times. While we have considered a purely hydrodynamicahé&r
tion scenario for the massive seeds, which, at small scatasd
be compatible with the quasi-star model of Begelman anclboH
rators, the results of our model should hold even if the @tstol-
lapse into a seed would take place in a different way, suchvadi
ing the core collapse of a massive nuclear cluster of nortaas s
(Davies et al. 2011), as long as the formation of the precisgo
permassive gas cloud occurs under the conditions that weedans
sidered here. Whether the “birth” of such black holes co@db-
served directly, is still very uncertain. A promising deten chan-
nel has recently been suggested by Czernylet al. (2012), latm ¢
that quasi-stars might emit jets whose gamma-ray emissightm
account for the unidentified gamma-ray sources. The quasi-s
phase, which has an emitted spectrum very similar to thatretia
giant star, might be detectable with JWST at high redshiftigithe
relative high frequency of seed formation events expectedadd-
els that rely on the merger rate of galaxies such as in ourasicen
or in other recent direct collapse models (Volonteri & Began
2010). On the other end, seed formation events happenirayvat |
redshift might be eventually identified by exploiting théamma-
tion presented in this paper on the environment and natutteeof
host galaxies. Indeed, if they take place they should oeccunder-
dense regions, perhaps in voids or at least field-like enwients,
where gas-rich, massive disk dominated spirals are comguord(
examples of such galaxies are indeed those in the local 8 Mpc V
ume (e.g., Kormendy et al. 2010). We will dedicate a follogvpa-
per to a detailed analysis of the possible detectabilityndividual
events at both high and low redshift.
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