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Abstract We present different mass ratio distributions of massiaelbhole (MBH)
binaries due to different mechanisms involved in binary@ion. A binary system of
MBHSs forms after the merger of two galaxies, which has thteges: the dynamical
friction stage, the stellar scattering or circumbinaryjkditage, and the gravitational
radiation stage. The second stage was once believed to Binthlegparsec problem”
(FPP) as the binary stalled at this stage because of thetideptd stars. Now, the
FPP has been shown to no longer be a problem. Here we get tiecedif mass ratio
distributions of MBH binaries under two mechanisms, stedlzattering and the cir-
cumbinary disk interaction. For the circumbinary disk maakm, we assume that the
binary shrinks by interaction with a circumbinary disk ahd two black holes (BHs)
have different accretion rates in the simulation. We appilysimple assumption to the
hierarchical coevolution model of MBHs and dark matter baémd we find that there
will be more equal-mass MBH binaries in the final coalescdéacthe case where the
circumbinary mechanism operates. This is mainly becaussdlbondary BH in the
circumbinary disk system accretes at a higher rate thanrthreapy one.
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1 INTRODUCTION

The coevolution of massive black holes (MBHs) and their lyzdaxies remains one of the main
unsolved problems in studies of cosmic structure formatitmwever, it is well accepted that the
evolution of MBHs is related to their host galaxies (Ricimgtet al. 1998; Ferrarese 2002). In the
standard paradigm of structure formation in the Universesgers between galaxies appear to be
frequent over the course of galaxy evolution. MBHs are driirgo the center of a newly formed
galaxy by mergers and then form binary systems. Accordirgpgervations, we know that the BL
Lacertae object OJ 287 has produced quasi-periodic optithalrsts for the last hundred years. The
model for OJ 287 incorporates a smaller black hole (BH) éngsthe accretion disk of a larger
BH during its eccentric binary orbit (Lehto & Valtonen 199@) binary active galactic nucleus
(AGN) in the ultraluminous infrared galaxy NGC 6240 was digered using th&€handra X-Ray
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Observatory by Komossa et al. (2003). In the radio galaxy B0402+679, hegblution radio imaging
has revealed two radio-loud nuclei — a massive binary BHesystith a projected separation of only
7.3 pc (Rodriguez et al. 2006). Wen et al. (2009) has idedt#i#9 merging galaxies by searching
for interaction features from luminous early-type galaxieleased by the Sloan Digital Sky Survey
(SDSS). 245 paired AGNs with unambiguous tidal feature® lmen identified from the Seventh
Data Release of SDSS (Liu et al. 2011). It is also believed dhi@w AGNs with double-peaked
profiles of [O111]1A\\5007, 4959 and other narrow emission lines could be carefiddipaired AGNs
(Zhou et al. 2004; Wang et al. 2009; Smith et al. 2010; Fu é2Gil1; Yu et al. 2011).

The dynamical evolution of an MBH binary mainly consists lofete stages (Begelman et al.
1980). At first the BHs migrate toward the center of the newlyrfed galaxy within a characteristic
dynamical friction timescale. At the second stage, intiwas with the surrounding stars or gas
bring the MBHSs into a bound orbit around each other to formreabj. Early on, it was believed
that, theoretically, the binary will decay due to repeateavijational slingshot interactions with
stars, and finally coalescence occurs because of the fastagi@nal radiation. However, as the
surrounding stars are depleted, binaries with mags~ 107 M, will stall at separations of 0.01
1 pc (Milosavljevitc & Merritt 2001; Yu 2002). This is knowrsdhe final parsec problem (FPP). One
approach to solve the FPP is to consider a more realistiatgituin a galaxy merger, but only use
a mechanism that relies on stellar dynamics. More and mareerigal simulations have shown that
the flatness or triaxial non-axisymmetry of galaxies cowdipho solve the FPP because a significant
fraction of stars with centrophilic orbits could efficigntirive a binary close enough to coalesce
(Yu 2002; Berczik et al. 2006; Berentzen et al. 2008; Pretl.€2011; Khan et al. 2011; lwasawa
etal. 2011; Khan et al. 2012a,b; Gualandris & Merritt 2018aK et al. 2013). The other approach
depends on gas being funneled into the galaxy centers aseitgenof galaxies occurs. Strong gas
inflows due to tidal torques produce nuclear disks. A gasfdigks around the rapidly formed MBH
binary, then becomes efficient in helping transfer angulementum out of the binary, and finally
drives the binary to coalesce (Artymowicz & Lubow 1996; Gb#&l Rix 2000; Escala et al. 2005;
loka & Mészaros 2005; Dotti et al. 2006; MacFadyen & Milalgavic 2008; Hayasaki et al. 2008;
Mayer et al. 2008; Cuadra et al. 2009; Lodato et al. 2009; Roeidal. 2011, 2012; Kocsis et al.
2012; Amaro-Seoane et al. 2013). In a steady, geometritiatlyand self-gravitating disk model,
the timescale of orbital decay is short enough for massinarigs (/,,,, > 107 M) to merge. In
simulations these researchers also found that the aaenetie of the secondary BH is larger than
that of the primary BH (Artymowicz & Lubow 1996 and Hayasakiad. 2008). Because of the
different accretion rates of the two BHs in the circumbinginase, the mass ratio will tend toward
unity during the interaction of the binary with the gas disktymowicz & Lubow 1996).

In the evolution of MBH binaries, the eccentricieyand the mass ratip are two important
factors. Triaxial galaxies provide enough stars to birsatgeavoid stalling and tend to increase the
eccentricities of the MBH binaries. The high eccentrisitie a way assist the MBH binaries to co-
alesce through gravitational wave radiation. Roedig ef28111) show that there exists a limiting
eccentricitye.,;; with a value in the interval [0.6, 0.8] in cases of subparseb{pc) MBH binaries
surrounded by self-gravitating gas disks. MBH binariegigxial galaxies have and keep high ec-
centricities up te ~ 0.95 (Khan et al. 2012a; Preto et al. 2011). However, Khan et atL 82 show
that MBH binaries in mildly flattened galaxies all have quée eccentricity.

The FPP could still show up in minor mergers of galaxies, icWiVIBH binaries have low mass
ratios that are less than 0.1. In cases with 0.1, the hardening rates are essentially independent of
the mass ratip (Khan et al. 2012b). The initial 1:10 mass ratio of the binzag change significantly
due to the fact that the secondary is fed at a higher rate, &dgpr separation to a pc scale (Khan
et al. 2012a; Callegari et al. 2011). There are still a lot martainties related to the evolution of
MBH binaries, as well as the environment where mergers o¢tene we assume two situations in
the simulations. In the first case, we assume that the biainks to the gravitational wave radiation
stage purely by stellar scattering in a non-spherical sirecin the other, we assume that the binary
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shrinks to the final stage by the interaction with a circurabyrdisk and the secondary MBH has
a higher accretion rate. Then we compare the mass ratidodistms of these two situations in the
hierarchical coevolution model of MBHs and dark matter (Ci\djos.

In this paper, we describe the hierarchical coevolution eh@fi MBHs and DM halos. The
physics and assumptions used in the simulations are deddribSection 2. In Section 3, we give
results of the mass ratio distributions of MBH binaries. Wamdry to compare the theoretical mass
ratio distributions to the observational mass ratio disttion of the interacting galaxies from Wen
et al. (2009). Finally, Section 4 summarizes and discussesssults. Throughout, we work in a flat
cold DM model with a cosmological constalt@DM) cosmology using cosmological parameters
as follows:Qy = 0.3, Qa = 0.7, h = 0.7, Qph? = 0.02, 05 = 0.93 andn = 1. Hereh is defined
by Hy = h x 100 km s~ Mpc~1.

2 HIERARCHICAL GROWTH MODEL OF MBHSAND DM HALOS

In this section, we use a Monte Carlo method to build up thevtreand coevolution of MBH
and DM halos over cosmic time under the hierarchical strectarmation scenario in ACDM
cosmology. The algorithm is the same as that described iontefi et al. (2003a). From redshift
z = 20 to the present, we create the merger history of 220 presgntidlos with mass range
10" < My, < 10 based on the extended Press-Schechter formalism (Laceye&1©83; Cole
et al. 2000). Theoretically, we assume that seed BHSs in tb®iype galaxies that formed at high
redshift are the results of the collapse of Pop Il stars.nfthey follow the merger of halos, migrate
into the galaxy centers by dynamical friction and accreteafter a series of major mergers. Since
most galaxies contain BHs at their centers, it is naturabtonfa BH binary as the satellite halo
merges with a larger host. The MBH evolution history and efion models are described in the
following subsections.

2.1 The Growth of a Single MBH

In the simulation we use the light BH seed model as the seed Bidsso-called VHM scenario
(Volonteri et al. 2003a, 2006). Seed BHs with masse$50fM ¢, are placed in the highly biased
3.5 ¢ halos in the simulations at = 20. They are the remnants of the metal free Pop Il stars at
z ~ 20.

Major mergers of DM halos trigger gas accretion onto the MBHse criterion of a major
merger is set to b&/, /M,, > 0.3 for the mass ratio of merger halai; and M, are masses of the
secondary and primary halos respectively. After mergeB\halos (major mergers), MBHSs in the
galaxy centers begin to accrete gas at the Eddington amenette. The MBHSs will keep accreting
until their behavior can be described by the MBH mass andastigllar velocity dispersion relation,
also called thé//zy — o, relation, which is regulated by feedback from star fornmatend radiation
and outflows of AGNs. Thé/gy — 0. relation for the local galaxies used here is given by Giittek
et al. (2009) as follows

]\/[BH O«
log ( e ) — 812+ 4.24log (200km Sfl). (1)
This relation is generally extrapolated to be suitable fogaaxies at any arbitrary redshift.

For major mergers, MBHs start to accrete gas after a dynaimict#on time for galaxy mergers
to occur (Binney & Tremaine 1987). When gas is accreted fioenininermost stable circular orbit
(ISCO) in a standard thin disk (SSD), the BH spithanges with the mas® growth as follows
(Bardeen 1970; King & Pringle 2006),

2
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a= 2[4—(3;5—2)1/2}, 3)

in whichr = xc?/GM is the radius of the ISCO expressed in Boyer-Lindquist coates. The
radiation efficiency (or mass-to-energy conversion efficiency) of a BH with spis given by,

6:1_{1_%}”. @

From Equation (3) and Equation (4) we know that a Schwaris&ti (¢« = 0) has a much lower
radiation efficiency = 0.057, while a Kerr BH hag ~ 0.4. We can defingrqq, the accretion ratio,

JEdd = L/Lgqa, (5)

whereLgaq = 47 Mpupempe/or ~ 1.3 x 10*%u, Mg erg s~! is the Eddington luminosity, with
e, My, o, Mg being the mean molecular weight per electron, the protorsriEisomson cross
section, andMpy in the unit of 10® solar masses respectively. The mass growth of an MBH is
restricted by the radiation efficiency and the accretioim@tcording to the following equation

1_
efEddt)’

€  TEdd

]\/[BH (t) = ]\/[(0) exXp ( (6)

wheretgqq = Mpuc?/Lraa ~ 0.45u; 1 Gyr is the characteristic Salpeter timescale, which is in-
dependent of\/gy. The mass and spin growth of an MBH is governed by Equationg32, (4)
and (6) for both possible accretion scenarios of MBHs witinograde or prograde motion in the
accretion disk.

Shapiro (2005) used the results of relativistic magnetotyyghamical (MHD) simulations of
disk accretion onto Kerr BHs to track the coupled evolutibnthe masses and spins of the BHs.
They showed that MHD disks tend to drive BHs to a sub-maxirgallégrium spin rate ofs ~ 0.95
and radiation efficiency ~ 0.2. The spin evolution in terms of a nondimensional quantity s(a)
is given as follows

da  fpaa s

— (7)

dt € Tpaa’
s =3.14 —3.30a (MHD disk). (8)

We compared the mass and spin evolution of a BH between twoidsethe SSD and MHD theories,
assuming that they have the same accretion rate. The spirs gtower, but the mass grows faster
under the MHD theory than under the SSD theory. Not only dbesspin in the MHD case grow
slower, but it also has a smaller upper limit of 0.95 (Shapb65).

To make sure our simulations represent the actual growthRifiMin galaxy centers, we need
to get the luminosity function of active MBHs. In our simudats, the bolometric luminosity of an
active BH isLyo = frdd - LEdaqa = (% — 1)Mgpu. We count active BHs at the redshift intervals,
and weight each of them according to the Press-SchechtetidanThe blue band luminosity is
Ly = f - Lpo, Where fg = 0.08 is the conversion factor between blue band luminosity and
bolometric luminosity (Fanidakis et al. 2011).

When a disk forms around an MBH, the MBH could align (progrdid&) or anti-align with the
disk (retrograde disk) (King & Pringle 2006; King et al. 2008/e studied both prograde disk and
retrograde disk scenarios. We found that a prograde MHDwlgks quite well, as the luminosity
functions from the simulation are in good agreement withothgervational data (Croom et al. 2004)
in different redshifts; the results are shown in Xu & Yuan 12D Therefore, for a single MBH
activity, we use the spin and mass evolution from the MHD ltssand assume that accretion disks
are always prograde with respect to the MBHs in the followgafgulations.
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2.2 The Evolution of MBH Binaries

When two halos merge, the MBHs are driven to the central regibrough the dynamical friction
mechanism (Binney & Tremaine 1987). Eventually, an MBH byrfarms at the center of the new
halo. The dynamical friction will become weak and ineffidiendriving the binary closer when they
get into each other’s gravitational influence radius. Thisalled the hardening stage. There are two
solutions to this subsequent evolution of the hardenedi@ne is through the three-body inter-
actions in which the binary captures passing stars andsejeetn with much higher velocities in
triaxial non-axisymmetric galaxies (Berczik et al. 200éie et al. 2011). Triaxial galaxies provide
enough stars with centrophilic orbits to avoid binary stgll The “gravitational slingshot” mecha-
nism shrinks the hardened binary. We assume the stellas epeepreserved during galaxy mergers
(Volonteri et al. 2003b). Finally the binary shrinks to aitedwhere gravitational radiation takes
over and two MBHSs coalesce quickly afterwards. In the caséis wnequal mass, the new MBH
gets a recoil velocity because of the anisotropic emissi@ravitational waves. If the recoil veloc-
ity exceeds the escape velocity for the halo, the MBH willdree off-centered or wander nearby
(Volonteri 2007). In this scenario that only involves stah® mass ratio does not change after the
hardening stage. The timescale of the stellar scatteraggeaised in this article is as follows,

an ]\/[bh
tes ~ 3.0 x 10% - , 9
30 O[yr](a)<1o7M@> ©

wherea is the separation of the binany, is the binary hardening radius (Begelman et al. 1980;
Quinlan 1996), and/,,, is the mass of the binary, given by equation (7) in Hayasa#l.€2010).

The other way for a binary to coalesce is through the interaatith the surrounding gas disk.
The effects of the infalling gas have already been consitiierethe evolution that shrinks the binary
as described in Begelman et al. (1980). As one of the promisiechanisms to solve the FPP, we
applied it to our simulations. We assume that the binary do¢stall at the hardening stage when
the stellar scattering mechanism fails to shrink a binatjrwiassM,,;, > 107 M. The interaction
between the binary and the surrounding gas provides a wagraceenergy and angular momentum
from the binary. We assume the timescale of circumbinagragtion is as follows,

tgas ~ 3.1 x 108[y1] ¢ fq)g (J%) (0—61) . (10)

Heret,,s is only dependent on the binary mass ratjdhe Eddington ratigfzqq and the radiation
efficiencye. It is the characteristic timescale of orbital decay duehi hiinary interaction with a
steady, axisymmetric, geometrically thin, self regulatead self-gravitating circumbinary disk as
described by equation (20) in Hayasaki et al. (2010). For Mihérries, this timescale is less than
the age of the Universe and short enough to coalesce. It leas demonstrated that more gas is
accreted by the secondary BH in a binary system with a cirisknd@he secondary BH is closer
to the gaseous disk and has a greater specific angular momenerefore, the mass ratio of the
binary tends toward unity (Artymowicz & Lubow 1996; Cuadtak 2009; Hayasaki & Mineshige
2008). For simplicity, here we assume the secondary BH texiad a rate ofgqq = 0.1 with a
radiation efficiency = 0.1, and the primary BH does not accrete at all. When the binacpies
tightly bound, the binary orbit begins to shrink through #mission of gravitational radiation and
quickly coalesces after a short time in the final stage (B€i@64).

3 MASSRATIO DISTRIBUTIONS OF MBH BINARIES

We carry out two simulations by implementing two differelyndmical processes within a com-
prehensive model that describes the coevolution of BHs avidchBlos in aACDM Universe. The
mass of MBHs in the simulations grows mainly because of ticestion of gas through MHD disks.
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The accretion rate igzqq = 1.0 after a major merger of two halos. The activity will be turradtl
until the behavior of the MBH can be described by gy — 0. relationship. After the two MBHs
merge as their host halos collide, they will go through ttetegjes before the final coalescence: the
dynamical friction stage, stellar scattering/circumipynateraction stage, and the gravitational radi-
ation stage. We studied two mechanisms involved in the skstage. For the first step, we assume
that stellar scattering is the only process that operatdsisecond stage of the binary evolution. In
the next step, we assume the interaction between the bindrg aircumbinary disk dominates the
orbital decay of binaries with magdy,;, > 107 M. The accretion rate and radiation efficiency for
the secondary BH in the circumdisk scenario are s¢ttQ = 0.1 ande = 0.1 respectively.

Merger trees that are based on 220 present halos cover tlsesnafsinterest and trace merger
history of DM halos in a hierarchical cosmology. The comavirumber density:; of n objects of
interest is scaled by the Press-Schechter weiitipt (Sheth & Tormen 1999, 2002) ag(z) =
N; x Wig /Ny, whereN; is the number of halos occupied by the objects of interestiraesredshift
and mass range, any, is the number of all halos at the same redshift and the sams raage.
The MBH binaries are the ones that have just gone through armegrger, with a single MBH in
each halo. A major merger means that the mass ratio of thehlats$ is greater than 0.1 (or 0.3)
and the dynamical friction timescale is short enough fontte form a gravitationally bounded
binary system. We count all binaries before and after therattion with circumdisks in simulations
at ten different mass ratio ranges and scale them by the-Basschter weight. Then we get the
normalized distribution of MBH binaries as a function of thass ratia;.

3.1 TheMass Ratio Distribution in Merging Galaxy Pairs

Before comparing the mass ratio distributions under ddfiémechanisms in the second stage of
evolution, we first show the mass ratio distributions of MBfsn observations. Wen et al. (2009)
identified 249 mergers of close galaxy pairs with interacfeatures from SDSS 6. The MBH mass
used here is estimated by thé, — L relation (M, is the MBH mass and, is the luminosity) given
by Tundo et al. (2007)

1.31

log M, = 8.60 — —~
8 25

(M, +22), (11)

whereM,. is ther band magnitude of paired galaxies that is listed in Wen €28D9). These merg-
ing galaxies are close pairs with projected separatiorsr, < 50 kpc and have clear interaction
features at redshifts < 0.12. It is believed that the MBHSs in these galaxies are going tmfbIBH
binaries. They can be treated as MBH binaries at the verydiegfe. The normalized mass ratio
distribution of binaries from the galaxy pairs is shown as $blid line in Figure 1. Theoretically,
the mass ratio of the binary does not change at the first stiagme kpc to pc separation), no matter
what mechanism a MBH binary goes through at the second shagye fc to sub-pc separation) of
its evolution. We assume that there is no accretion actikityr either MBH in the binary at the first
stage. It appears weak as nuclear activities are likely tadpgered during the first stage, but we also
know that only a small fraction of the paired MBHs are dual AGas suggested by observations
(Liu et al. 2011; Yu et al. 2011). So theoretically, we coutthclude that basically the mass ratio
distribution of binaries with a separation on the scale of &sphe same with that of binaries at kpc
separations in simulations. Also, the stellar scatterinthe interaction with a circumdisk happens
at the second stage (sub-pc scale), so the mass ratio ditriltan be compared with the observa-
tional ones. Although Callegari et al. (2011) assumed th@tMBHSs individually accrete from the
gas within a smoothing length in their simulations of twoagés merging from kpc down to the pc
scale, it can be treated as individual activity for each BH smot the case we consider here. Next
we will compare it with the distributions from the theoreticesult.
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— — Stellar Scattering + M/Mp>0.3
----- Stellar Scattering + M'/Mp>0.1
—— 249 pair ETGs from SDSS Wen et al.(2009)

fraction

.............

.......

q 1 1 1 1
©0 0.2 0.4 0.6 0.8 1

[q=m2/m1]: mass ratio of MBH binaries

Fig.1 Normalized mass ratio distribution of MBH binaries. Theiddihe is the distribution of 249
binaries that are considered to be pairs of merging gald¥ies et al. 2009). Dashed and dotted
lines show mass ratio distributions of MBH binaries € 1.0) in models with only the stellar
scattering mechanism. The dashed line is the distributidhé model with a major merger criterion
of p > 0.3 and the dotted line that with a major merger criteriomof 0.1.

3.2 Different Criteria of Major Mergers

We first carry out two sets of simulations with two differemiteria for a major merger of halos.
One is to setM;/M,, > 0.3 for the mass ratio. The other is to skf;/M,, > 0.1. Both of the
simulations use the stellar scattering mechanism to siiimkinaries. However, the halo mass ratio
is not the only factor deciding whether the merger of hal@srisajor merger or a minor merger. It is
also decided by the dynamical friction timescale of the twtoh to spiral into one new halo. If the
dynamical time is too long for the two halos to merge togetiiés not a major merger event even
with a mass ratid//; /M, > 0.1. After the calculations, we compared the mass ratio distions of
MBHSs redshiftsz < 1.0 in the simulations, represented by the dashed and dotteslilnFigure 1,
with the observation result. We can see that the mass ragtdlulition of MBHSs is related to the
criterion for major mergers. There are more unequal mass MiBHries in the case with a smaller
value of major merger criterion. Comparing them with theeslsational data, we see that the mass
ratio distribution of MBHs from the SDSS galaxy pairs is inogloagreement with the theoretical
result with a criteriomV/; /M, > 0.3 (the dashed line) in Figure 1.

3.3 The Change of Distributions dueto Circumbinary Disks

In the simulation of galaxy mergers by Khan et al. (2012a) @atlegari et al. (2011), they found
that the initial 1:10 mass ratio of a binary can change sicgnifily due to the fact that the secondary
is fed at a higher rate, fromlqc separation to pc scale. That means the large scale evolution occurs
in the first stage of the coalescence of an MBH binary, as de=timn the first section in this article.
Here we check the change in mass ratio distributions of thédNdBaries due to the existence of
circumbinary disks during the second stage of their evofutiVe assume that the secondary MBH
accretes from the circumdisk at a ratefgf;s = 0.1 and the primary MBH does not accrete. This
paper is based on the fact that simulations indicate the nagisswill tend toward unity during the
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- T T T T

— — MBH binary: after circum—binary disk
----- MBH binary: before circum—binary disk
—— 249 pair ETGs (Wen2008)

fraction

o 1 1 1 1

So 0.2 0.4 0.6 0.8 1
[q=m2/m1]: mass ratio of MBH binaries

Fig.2 Mass ratio distribution of MBH binaries. The solid line st®@49 binaries that are merging
galaxy pairs (Wen et al. 2009). The dashed line shows the ragisdistribution of MBH binaries
(z < 1.0) after the interaction with circumdisks. The dotted linpresents mass ratio distribution
of MBH binaries ¢ < 1.0) before the interaction with circumdisks.

interaction of an unequal-mass binary with the gas diskyAdwicz & Lubow 1996; Hayasaki et al.
2008). Here we check how the distribution of binary mas®riatieffected by this interaction. This
is a simple toy model without other complex assumptions. dtwretion ratefrqq = 0.1 of the
secondary MBH in the binary system is 10 times smaller coegbtr the accretion ratgsqqg = 1.0
of a single MBH after a major merger.

In Figure 2 we show the mass distributions of MBH binariesobefand after the interaction
with a circumbinary disk from our simulations. The dottetklis the mass ratio distribution of the
binaries before their interaction with the circumbinargidiThe dashed line is the distribution after
the interaction. The distribution is clearly shifted tod/anore equal-mass binaries because of the
accretion of the secondary MBH. Theoretically, MBH binara this stage are hard to detect by
modern telescopes as the separation is quite smadl, 1 pc. So far, the closest MBH binary is
the radio galaxy B0402+679 with a projected separation 6f 3r8 pc (Rodriguez et al. 2006). As
technology advances, we hope that more and more close MBatibincould be detected in the
future. If circumbinary disks do exist in MBH binary systearsd the secondary MBH does accrete
at a higher rate, we could observe more equal-mass MBH limas indicated by the dashed line in
Figure 2. We also investigate how important the accretitesrare to the mass ratio distribution. In
the simulation we set the accretion rates for secondary enthpy MBHS t0 fdd,secondary = 0.1
and fgad,primary = 0.1/3 respectively during the interaction with the binary and¢ireumdisk.

The mass ratio distribution for this set is shown as the ddtte in Figure 3. The solid line
and dashed line represent the same quantities as in FigeeR. though both of the MBHs ac-
crete during the circumbinary interaction stage with arretoen rate that is three times larger for
the secondary MBH than the primary one, more equal-massié@mare shown in the mass ratio
distribution. So as long as the circumbinary interactioistsxand the secondary MBH accretes at a
higher rate, the mass ratio distribution will be differentidnave more equal-mass MBH binaries.
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----- MBH binary : circumbinary disk fg4,=0.1, 0.1/3
— — MBH binary : circumbinary disk fg4,=0.1, 0.0
—— 249 pair ETGs (Wen2009)

fraction

q 1 1 1 1
©0 0.2 0.4 0.6 0.8 1

[q=m2/m1]: mass ratio of MBH binaries

Fig.3 Mass ratio distribution of MBH binaries. The solid line andstied line are the same
as in Fig. 2. The dotted line shows the mass ratio distributib MBH binaries ¢ < 1.0) af-
ter the interaction with circumdisks, but the accretioresabf secondary and primary MBHs are
JEdd,secondary = 0.1 and frad,primary = 0.03 respectively.

4 SUMMARY AND DISCUSSION

The FPP is not a problem anymore. It seems to have been sohredry authors (Yu 2002; Berczik
et al. 2006; Dotti et al. 2006; Khan et al. 2011, 2013). Heravagt to investigate which mechanism
may be the actual one that shrinks binaries to the grawvitatistage and where coalescence finally
occurs. This approach may provide a way by studying the nassdistributions and be tested by
observations. Here we simply show the mass ratio distobstof MBH binaries under two main
mechanisms. We used a Monte Carlo method to build up the tdeéwoof MBH and DM halos
under the hierarchical structure formation scenario NCiOM cosmology.

Theoretical luminosity functions are compared with obagons at different redshifts to make
sure that they reproduce the growth history of MBHs. Aftenstoucting the coevolution model of
MBHs and DM halos, we incorporated two mechanisms at thergbstage of the binary evolution
into the model. One is the pure stellar scattering mechaofstine MBH binaries in triaxial non-
axisymmetric galaxies (Berczik et al. 2006; Khan et al. 20The other is the circumbinary disk
mechanism that shrinks MBH binaries. We found that the matés distribution of binaries under
a pure stellar scattering mechanism is in good agreemehtthét distribution of MBHSs in paired
galaxies (Wen et al. 2009), with the major merger criteribri\ /M, > 0.3. With the presence
of the circumbinary interaction, the mass ratio distribativill be different and have more equal-
mass binaries. So, we expect different mass ratio distobstor different possible mechanisms in
the history of the evolution of MBH binaries. Hopefully tréan be demonstrated by observations
with a future high resolution telescope. There is a lot ptyy$hat needs to be considered, such as
the effects of eccentricity, and the possibilities of diffist timescales. All these effects may play an
important role.

In this article we only study the effects of the circumdisktba mass ratio distribution of MBH
binaries with mass ratio close to 0.1 and0.1. Cases where the binaries have a mass kati0.1
are not considered here because theoretically they usi@tyt occur in galaxy mergers. However,
0J 287 is a special case of a binary in a galaxy center with & na&i® value of about 0.005, and
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stellar scattering
— — — — circumbinary disk
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Fig.4 The distributions of recoil velocity normalized to the beilgelocity dispersion in the host
halo using the pure stellar scattering modeli@ line) and circumbinary interaction modelashed
line). All values for the recoil velocity are below the escapeoedl.

an accretion disk around the primary MBH. For OJ 287, theragsion we made in this article that
the accretion rate of the secondary MBH is larger than thegny MBH is applied to MBH binaries
with a mass ratio> 0.1. While the mass ratio of OJ 287 is quite smat (0.1), it may not be a
normal situation in galaxy mergers.

A recoil velocity will be gained as the final coalescence @fltinary occurs due to asymmetry
in the spins and masses. The final recoil velocity of uneguads systems will decide whether the
final MBH could be ejected out of the galaxy center. In thiglgfuve assume the gas material exerts
a torque tending to align the spins as the binary evolves ircardisk. A minimum recoil velocity
of the binary will be gained according to equations (10) & (n Rezzolla (2009). For simplicity,
we also assume the spins of the MBHSs are aligned with theabritgular momentum in the pure
stellar scattering model.

In Figure 4 we compare the recoil velocity of MBH binariesrfrahe pure stellar scattering
and the circumbinary disk scenarios. Figure 4 gives the abzed distribution of final MBH recoil
velocities. The solid line is the distribution under the @utellar scattering model. The dashed
line gives the result from the circumbinary disk model. Imgel there are less MBHs with high
velocities under the circumbinary disk scenario due to aabse of the asymmetry in the masses
of the binaries. None of the final MBHs has a high enough veldoi escape the halo potential in
the simulation because we assumed the minimum recoil \glfmrieach coalescence and the effect
of the eccentricity is ignored. The mass ratio distribusiof MBH binaries and recoil velocities of
the final MBH are essentially important for the detectiongmaivitational waves in the future (Gong
etal. 2011).
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