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Abstract

In galactic nuclei with sufficiently short relaxation timésnary supermassive black holes can evolve beyond
their stalling radii via continued interaction with stak&/e study this “collisional” evolutionary regime using
both fully self-consistenN-body integrations and approximate Fokker-Planck modele N-body integra-
tions employ particle numbers up to26 x 10° and a direct-summation potential solver; close interastio
involving the binary are treated using a new implementatibthe Mikkola-Aarseth chain regularization al-
gorithm. Even at these large values Nf two-body scattering occurs at high enough rates inNHgody
simulations that the binary is never fully in the diffusiyegkepopulated (i.e. largBh loss cone regime, which
precludes a simple scaling of the results to real galaxibe. Hokker-Planck model is used to bridge this gap;
it includes, for the first time in this context, binary-ingutchanges in the stellar density and potential. The
Fokker-Planck model is shown to accurately reproduce thalteof theN-body integrations, and is then ex-
tended to the much largéf regime of real galaxies. Analytic expressions are deritiatiaccurately reproduce
the time dependence of the binary semi-major axis as peztllny the Fokker-Planck model. Gravitational
radiation begins to dominate the binary’s evolution aftéinge that is always comparable to, or less than, the
relaxation time measured at the binary’s gravitationauigfice radius; the observed correlation of nuclear re-
laxation time with velocity dispersion implies that coaesce in< 10 Gyr will occur in nuclei witho < 80
km s 1, i.e. with binary black hole mass 2 x 10°M.,. The coalescence time depends only weakly on binary
mass ratio. Formation of a core, or “mass deficit,” is shownetult from a competition between ejection
of stars by the binary and re-supply of depleted orbits via-bwdy scattering. Mass deficits as large~ad
times the binary mass are produced before the gravitatiaahtion regime is reached; however, after the
two black holes coalesce, a Bahcall-Wolf cusp appears drthensingle hole in approximately one relaxation
time, resulting in a nuclear density profile consisting ofa 8ore with an inner, compact cluster, similar to
what is observed at the centers of low-luminosity ellipgtigalaxies. We critically evaluate recent claims that
binary-star interactions can induce rapid coalescencénaip supermassive black holes even in the absence
of loss cone refilling.

Subject headings:

1. INTRODUCTION of chalnge of the binary’s energy) is predicted to scale rbugh
This paper is the third in a series investigating the evouti @SN, i-. inversely with the relaxation time, and hence to be
of binary supermassive black holes at the centers of galaxie V&Y small for values oN characteristic of massive elliptical

A massive binary hardens via exchange of energy and angulap@laxies|(Valtonen 1995: ¥u 2002). . .
momentum with passing stars, but this process is selfitigit b IS Papder I (B%r,cz'lé et,‘;'}- 2005)'Ilal d|rect-sum|mat|Nn
since the interacting stars are ejected from the nucleus wit P0dy code, combined with a parallel GRAPE cluster, was
velocities of order the relative velocity of the two blackém ~ USed to carry out integrations of binary evolution in galaxy

Continued hardening of the binary requires a repopulation o M0dels with large, low-density cores. Because of their low
the depleted orbits. Paper[I (Milosavljé& Merritt 2003) central density, the relaxation time at the center of thesé-m

discussed various mechanisms by which this can occur, in-€S Was relatively long (compared with orbital periods)d an

cluding collisional loss-cone repopulation, secondairygsl collisional loss cone refilling was shown to occur at a lower
shot, chaotic stellar orbits, and Brownian motion of the bi- rate than the loss of stars to the binary, i.e. the binargs lo

nary. These different mechanisms typically obey different CON€ remained nearly empty. This is the same (“diffusive”)
scalings of the binary hardening rate with the numilesf ~ '€9ime believed to characterize binary evolution in reéga
stars and with time: in the largs-imit and in a spherical or €S (Milosavljeve & Merritt 2001).  TheN-body hardening

axisymmetric potential, the hardening rate (defined asztee r rates were compared with the predictions of simple losscon
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theory and found to be in reasonable agreement. ©

The Plummer models used in Paper Il were not good rep- - s
resentations of real galaxies. In this paper, we preseniva ne L %
set of simulations based on galaxy models that more closely o . 7
approximate real galaxies, with power-law central density
cusps. In order to deal efficiently with interactions involv
ing the binary, we incorporate the Mikkola-Aarseth chain-
regularization algorithm| (Mikkola & Aarseth 1990, 1993)
into our N-body code, including both the effects of nearby
stars as perturbers of the chain, and the effects of the chain
on the surrounding stars. The resultiNgbody algorithm
is coupled with a GRAPE-6 special-purpose computer and e
used to carry out extended integrations of binaries with var
ious values olN, up to the limitN ~ 0.26 x 10° set by the i ,
GRAPE’s memory. In order to more accurately characterize R
the N-dependence of the evolution, multiple integrations are © e ‘ ‘ ‘
carried out starting from different random realizationghof 50 100 200 500
same initial conditions and averaged.

Even at the large values ®f allowed by the GRAPE-6,
two-body (star-star) scattering occurs at a high enoughinat FIG. 1.— Relaxation times, measured at the supermassive btdels fin-

the N-body simulations that the binary is never fuIIy in the fluence radius, inthe ACS/Virgo sample of galaxies (C6td.&@004), versus
the central stellar velocity dispersion. Filled symbols galaxies in which

empty-loss-cone regime' This faCt_predUdeS a simpler@ali the black hole’s influence radius is resolved; star is théway.
of the N-body results to real galaxies. We therefore develop

a Fokker-Planck model that can be applied to nuclei with any figure) gives
value ofN, i.e. any value oM12/m,, whereMi2 = M1 + M> 1. 747
andm, are the mass of the binéry and of a single star, respec- Ti(m) ~ 1.16x 10" yr 055 (4a)
tively. Our Fokker-Planck model is unique in that it allows ~8.0x 10°yr M:2*4 (4b)
for the joint evolution of the binary and of the stellar nudde ’
it can therefore reproduce the creation of a core, or “mass whereM, g =M, /10°M,. The results presented in this paper
deficit” (Milosavljevic et al[2002), as the binary ejects stars. are only relevant to galaxies in which the nuclear relaxatio
The Fokker-Planck model is first tested by comparison with time is not much longer than galaxy lifetimes; according to
the N-body results, and is then applied to the much larger- Figure[d, this is the case for galaxies with< 80 km st
regime of real galaxies. In this way we are able to make the This is roughly the velocity dispersion near the center ef th
first detailed predictions about the joint evolution of mass ~ Milky Way; hence, the sort of evolution that is modelled here
binaries and stars at the centers of galaxies. is most relevant to spheroids that are not much brighter than
The time scale that limits binary evolution in our models the Milky Way bulge.
is the relaxation time, defined as the time for (mostly digtan ~ TheN-body techniques are described in 82 and 83 and the
gravitational encounters between stars to establish dljoca results of theN-body integrations are presented in 84. In 85
Maxwellian velocity distribution. Assuming a homogenous the Fokker-Planck model is described and compared with the
and isotropic distribution of equal-mass stars, the rélara  N-body results. Predictions of the Fokker-Planck modelén th

12 14

logyq Tr("h) (yr)

10

o (km s

time is approximately largeN regime corresponding to real galaxies are presented in
3 86. 87 and 88 discuss the implications for evolution of bjnar
T~ 0.340 (1a) supermassive black holes in real galaxies, and §9 presents a
G2pm, InA critical comparison with other proposed models of binaiy-ev

~1.2x 100yr a3, pg i, HIn AL (1b)  lution. §10 sums up.

(Spitzek 1987). Hereagigois the 1d stellar velocity dispersion 2. N-BODY TECHNIQUES

in units of 100 km s?, ps is the stellar mass density in units Our N-body algorithm was an adaptation of the NBODY 1

of 1°M,, pc 3, M, = m, /My, and IMy5 = InA/15, where  code of[ Aarseth[(1999) to the GRAPE-6 special purpose

InA is the Coulomb logarithm antl ~ 0.4N (Spitzer 1987). hardware. The code uses a fourth-order Hermite integration
Figure[1 shows estimates &f, measured at the supermas- scheme with individual, adaptive, block time stelps (Adrset

sive black hole’s influence radiug, for the ACS/Virgo sam-  [2003). For the majority of the particles, the forces andédorc

ple of early-type galaxies (Cote et al. 2004). The influence derivatives were calculated via a direct-summation scheme

radius was defined in the usual way via using the GRAPE-6. More details of the particle advance-
M, (rn) = 2M @) ment scheme can be found in Paper Il. As discussed there, the
x\h ¢ code contains two parameters that affect the speed and accu-
and the black hole mass was inferred from the measured valugacy of the calculation, the particle softening lengthnd the
of o via the theM, — o relation, time-step accuracy parametgr
- 86 Close encounters between the massive particles (“black
M. ~ 5.72 10°M., 0155 (3 holes”), or between black holes and stars, require pro-
(Ferrarese & Ford 2005). A stellar mass d¥ll was as- hibitively small time steps in such a scheme. To avoid this
sumed. situation, we adopted a chain regularization algorithntfier

Figured reveals a tight correlation betwekfr,) ando. A critical interactions| (Mikkola & Aarseth 1990, 1993), as-fo
least-squares fit to the points (shown as the dashed linein thlows. Letr;, i = 1,...,N be the position vectors of the par-



Binary Black Holes 3

ticles. We first identify the subset aof particles to be in- 4x107° —— 77—
cluded in the chain; the precise criterion for inclusiontis-p —— Chain
sented below, but in the late stages of evolution, the chain L — No chain
always included the two black holes as its lowest members.
We then search for the particle that is closest to either énd o
the chain and add it; this operation is repeated recursiuely

til all n particles are included. Define the separation vectors
R;j =rj;1—rjwhererj,1 andr; are the coordinates of the two
particles making up théh link of the chain. The canonical
momentaV; corresponding to the coordinat@sare givenin
terms of the old momenta via the generating function

3x107°

log,o (mean time step)
N
X
o
&

9
(o))

n—-1
S= _;Wi'(fm—fi)- 5)

Next, we apply KS regularization (Kustaanheimo & Stiefel

1965) to the chain vectors, regularizing only the interatdi

between neighboring particles in the chain. QgtandP; be 0

the KS transformedR; andW; coordinates. After applying

the time transormatiodt = gds, g = 1/L, whereL is the La- t

8rangr|1an of the.S}IIStenh'(: Tf_hU  WhereT ISV'{Jle klljne.tlc ﬂnd FiG. 2.— The average time step, as defined in the text, during two i
'S_t € potenna .energy of the SyStem)- €0 tal[‘l the reg'tegrations of a binary black hole at the center of a Deheneaingdlaxy.

ularized Hamiltonia™ = g(H(Qi,P;) — Eo), whereEg is the N = 20,000, and the softening length and time-step parametersedfith

total energy of the system. The equations of motion are then body code were = 106,n = 0.01. In the absence of the chain, the average
or or time step drops to very low values once the binary begins ridema

where primes denote differentiation with respect to theetim

coordinates. Because of the use of regularized coordinates,

these equations do not suffer from singularities, as long as

care is taken in the construction of the chain. 0.01 °
Since itis impractical to include aN particles in the chain,

we must consider the effects of external forces on the chain

members. LeF; be the perturbing acceleration acting on the

0 20 40 60 80 100

Pi=- 0.1

T T T TTTTY

jth body of massn;. The perturbed system can be written in E -3 i
Hamiltonian form by simply adding the perturbing potential i 10 3 3
n - C ° N
U =— Z m;rj Fl(t) (7) i chain ]
=1
1074

Only one chain was defined at any given time. At the start
of the N-body integrations, there was no regularization, and
all particles were advanced using the variable-time-step H
mite scheme. The first condition that needed to be met before
“turning on” the chain was that one of the particles (inchgli 3 5 "y =3
possibly a black hole) achieved a time step shorter tham 10 10 10 10 0.01
and passed a distance from one of the black holes smaller than
rehmine  |f this condition was satisfied, it was then checked
whether the encounter resulted in a deflection angle greater
than D = 1/2, where

10_5 | sl il il il

€

FiG. 3.— Relative energy error over 100 time units of of a set tefgrations
like those in Fig[R, for various values of the softening kg and with the
“1/2 chain.

RVG ; @®)

G2(my +mp)2

hereRis the impact parametafy is the pre-encounter relative
velocity, andm; andn, are the masses of the two particles.
This condition is equivalent to

cod= |1 . .
+ The chain’s center of mass was a pseudopatrticle as seen by

theN-body code and was advanced by the Hermite scheme in

the same way as an ordinary particle. However, when inte-

grating the trajectories of stars near to the chain, it isetssl

to resolve the inner structure of the chain. Thus for stagigln
m+mp > RVOZ. (9) a_c_riticalrcml_ radius around the chain_, the forces from the in-

dividual chain members were taken into account. The value

Each star closer to the black hole thapmin was then added  of r¢; was set by the size of the chain to kg1 = AReh

to the chain, and the two black holes were always included.with Ry, the spatial size of the chain aid= 100. In addi-

The values otchmin andrcnmin Were determined by carrying  tion, the equations of motion of the chain particles must in-

out test runs; we adoptéghmin~ 10°°— 108 andrchmin ~ clude the forces exerted by a set of external perturber.stars

104 — 103 in standardN-body units. Whether or not a given star was listed as a perturber was-deter
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1

mined by a tidal criteriont < Reyitz = (m/mchain)l/e’y&iln/sRch i
wheremenain represents the mass of the chamis the mass —
of the star, and/min was chosen to be 16; thusrgirx ~ ©F 1074
10%(m/ Menain) Y Ren. e =102

The membership of the chain changed under the evolution
of the system. Stars were captured into the chain if their or-
bits approached the binary closer tHa#. Stars were emitted
from the chain if they got further from both of the black holes
than 15R.,. The difference between the emission and absorp-
tion distances was chosen to avoid a too-frequent variation
the chain membership. When the last particle left the chain,
the chain was eliminated and the integration turned back to
the Hermite scheme, until a new chain was created.

In what follows, we refer to th&l-body code without chain
as NB1, and the code including chain as CHNB1. We carried
out a number of tests to see how the performance and accu- P A (U AT R
racy of the NB1 code were affected by inclusion of the chain.
Typically, one integration step of the chain required about
five times as much cpu time as a single call to the GRAPE-
6, due to the complex nature of the chain and the generally
large number of perturber particles. Thus our code is quicke L i
than a basic Hermite scheme code (NB1) only if the small-
est time steps are about an order of magnitude shorter than
the next smallest time steps, and if in addition those dagic
would be assigned to the chain. It is easy to show that in the « - - .
case of a galaxy including a central, massive binary system - 1
this condition is usually fulfiled. The Hermite time step of
the binary is considerably smaller than the time steps of the
stars, due to their close orbit and fast evolution. Of course
the performance of both codes depends on the two parameters
n (time step parameter) aredparticle softening length) that
determine the accuracy of the star-star interactions. latwh
follows, we fixedn = 0.01 based on the results of the tests in
Paper II. In CHNB1g was always set to zero.

Figured#-# show the results of our performance tests. Fig-
ure[2 plots the average time step as a function of time in
both codes, for integrations of a binary black hole in a galax
model following Dehnen'’s (1993) density law:

(3—Y)Mga a
P == IrV(r+a)4’V

with y= 1.2 andN = 20,000 patrticles. The two black holes \ M\ oo ’”W(

had equal massell; = M = 0.01My5), and were placed in- ‘ L i M’“’ | n//

tially on a circular orbit with separation®0a. We defined the 1 h V" A ' .

average time step &Nimestepét), WhereNimestepét) was the 1‘ A W W

total number of integration time steps until timancluding

only the time steps of particles outside the chain. It can be ‘

seen that in the early stages of the evolution, the time sieps

about the same in both cases. However as the binary becomes 0 20 40 60 80 100

harder, the NB1 time steps become smaller and smaller, in

order to achieve the necessary precision in the integrafion t

the bmary' In the code W't,h the Cha_m' the average tlme.step FIG. 4.— Results of a set of test integrations with and withoet ¢hain.

hardly changes after the binary begins to harden. The binarynitial conditions consisted of a binary of malsk = M, = 0.005 and sepa-

is integrated by the regularized equations, hence the step s ration 01, in a Dehnen-model galaxy with= 1.2 andN = 20,000.

of the NB1 integration remains relatively large. The averag

step size of the CHNB1 code was aboui 2 10~° (in units of the CHNBL1 code is about as good as the best results from

whereG = Mgy = a= 1), while in the NB1 integration itwas  the NB1 integrations. However, the latter occur when the sof

3x 1078, The resulting net speed-up with the chain is more ening length is very large, much too large for accurate isteg

than a factor of two. tion of the binary. This is shown in Figuré 4. Itis evidentfro
Figure[3 shows the energy error in a set of integrations of that figure that with larger softening lengtlasz 10-°, the in-

the same model but with various different softening lengths tegration of the binary is not very accurate. However, even

€, compared with the energy error in an integration with the with very smallg, the evolution of the distance between the

chain (anct = 0). It can be seen that the energy conservation black holes includes "spiky" behaviors, due apparentihéo t

T
—~
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~
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FiIG. 5.— Evolution of ¥/a, the inverse binary semi-major axis (left column), @nthe binary eccentricity (right column), in the full setifbody integrations.
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very sensitive nature of the eccentricity evolution witegect
to the precision of the integration (Figuite 4b,c).

These results suggest that chain regularization is an accu-

rate and efficient way to integrate binary black holes at the
centers of galaxies. It can keep track of the evolution of the
binary with high precision, and the calculation time is sub-
stantially faster than a plain Hermite integration whenl#te

ter is used with a reasonable (i.e. sufficiently small) softg
parameter.

3. INITIAL CONDITIONS

All of our integrations adopted Dehnen’s model, equa-
tion (10), for the initial galaxy, withy = 0.5. To this model
were added two particles, the “black holes,” with masses
M1 = Mz = 0.005 in units of the galaxy mass. (Henceforth
we write M1 = M; + M.) The black holes were placed
symmetrically about the center of the galaxyxat +0.1.
The initial velocities of the black holes were chosen to be
vy = +0.16 yielding nearly circular initial orbits. These initial
conditions are similar to those adopted in some earlieliesud
(Quinlan & Hernquist|(1997); Nakano & Makino (1999)) al-
though they are probably less realistic than initial capdi
that place one of the two massive particles exactly at the cen
ter (e.g..Merritt & Szell|(2006)). Henceforth we adopt units
such that the gravitational constdat the total mass in stars
Mgal, and the Dehnen scale lengtlare equal to one. In these
units, the crossing timéGMga/a%) /2 is also equal to one.

A standard expression fap, the radius of influence of a
single black hole at the center of a galaxy, is

M, (rp) = 2M, (11)

with M, the black hole mass anid,(r) the mass in stars
within a sphere of radius. The semi-major axis length of
a “hard” binary is sometimes defined in termsrgfas (e.qg.
Merritt & Wang (2005))

. a I'h
(1+0)” 4
with a = Mz/M; < 1 the binary mass ratio, and we adopt that
definition here. Settiniyl, = M;2 = 0.005+ 0.005=0.01 and
a = 1, the values ofy, anday, for our N-body models are

h=0.264 a,=0.0165 (13)

(12)

These expressions ignore the changes that the two black hole

induce in the mass distribution of the galaxy when forming a
hard binary, but are useful as points of reference.

Based on the results of Papers | and Il, once the binary ha
interacted with and ejected most of the stars on intersgctin
orbits, its subsequent evolution is dependent on the contin
ued scattering of stars into its sphere of influence; sinee th
scattering time scale increases withthe binary’s decay rate
should decrease &kincreases. In order to better characterize
this N-dependence, the initial conditions were realized using
six different values oN, N = (8192, 16384, 32768, 65536,
131072, 262144), oN = 2P, p = (13,14,15,16,17,18). (In
what follows, we refer to these differeM-values via the
shorthand 8K, 16K, ..., 262K). The largest of thesesal-

Merritt, Mikkola & Szell

TABLE 1
PARAMETERS OF THEN-BODY INTEGRATIONS

Name N Nint

8K 8192 18

16K 16384 8

32K 32768 6

65K 65536 4
131K 131072 2
262K 262140 1

a typical luminous elliptical galaxy with crossing time10?
yr, this corresponds te 10'° yr. Table 1 gives the parameters
of theN-body integrations.

4. N-BODY RESULTS

Initially the two black holes move on nearly independent
orbits about the center of the galaxy. The orbits decay, and
att =~ 10 the black holes form a hard binary. After this, the
semimajor axi| of the binary shrinks as the two black holes
interact with stars and eject them from the nucleus via the
gravitational slingshot. Figuig 5 shows the evolution g1
ande, the orbital eccentricity, in the full set of integratioros f
t > 20. The scatter in the values ofdande at a given time
is considerable in the integrations with smallsstNeverthe-
less a clear trend is apparent: boffalande evolve less, on
average, abl is increased.

4.1. Binary Hardening

In order to clarify theN-dependence of the evolution, we
computed averages over thg; independent integrations of
a~1(t) ande(t). Figure[® shows the mean evolution ofal
for the six differentN values. The early evolution (Figl 6a),
until t ~ 10, is essentiallN-independent. In this regime, the
hardening of the binary is driven by dynamical friction atgi
the stars, and the rate of binding energy increase is a imcti
only of the stellar density, which is the same for each of the
N-body models.

At t =~ 10, the binary hardening rate begins to show a clear
N-dependence, in the sense of more gradual hardening for
largerN. In Merritt (2006), the separation at which this oc-
curs was defined as the “stalling radius,” since in the lirhit o
largeN the binary would stop evolving at this point. Based on
Figure[®,a,, ~ a, ! ~ 60 andtstai ~ 10.

At t 2 tgan the N-dependence of the evolution is striking
(Fig.[8b). As in Paper Il, we define the instantaneous harden-

1

a)
Figure[T showss)(t) computed by fitting smoothing splines
to the averaged1(t) curves of FiguréJeb. Mean harden-
ing rates are roughly constant with time for ed¢h The N-
dependence of the hardening rate is shown in Figlre 8. Here,
(s) was computed by fitting a straight line ta=)(t) in an
interval At = 50 centered oja—t)(r) = 750; in this way, the
different hardening rates are being compared at similar val

é'ng rate as

d

s(t) = at (14)

ues is close to the maximum number of particles that can beU€S Of the binary semi-major axis, chosen to be roughly the

handled in the GRAPE-6 memory.
“noise” associated with the evolution for smal) we carried
out nipy multiple integrations at eacN, in which the initial
stellar postions and velocities were calculated usingpchffit

In order to decrease theMinimum value reached in the integration with largésfThe

dependence of) onN is approximately a power law,

l0g;9S~ 2.27—0.357logN. (15)

seeds for the random number generator. All of these integra-The ~ N~%4 dependence is considerably flatter than the

tions were continued until a timBhax= 350; when scaled to

N-1 dependence expected in a diffusively-refilled loss cone
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FIG. 6.— Short-term (a) and long-term (b) evolution of the mealu® of 1/a in the N-body integrations. Horizontal line in panel (a) indicateproximately
where the transition occurs betwelrindependent antl-dependent evolution; this is also roughly the “stallindiva” defined in Merritt (2006), and the “hard
binary” separation defined in Yu (2002).

(Milosavljevic & Merritt 2003). This fact precludes any sim-
ple extrapolation of the data in Figurk 8 to the much laiger
regime of real galaxies.

We can compare these hardening rates with the predictions
of scattering experiments in a fixed, infinite, homogeneous

background: I /\J\’_\/_

10

d /1 Gp
=—|=Z]=H— 16 Lo
S dt(a) o (16) =9 e
with p ando the mass density and 1d velocity dispersion of :UZ I - o |

the stars, anéll a dimensionless rate coefficient that depends r ~ o - |- 1
on the binary separation, mass ratio and eccentricity. For a T

hard, equal-mass, circular-orbit binaky,~ 16 (Hills [1983; o~ b W
Mikkola & Valtonen [1992;| Quinlen _1996a; Merritt 2001).
Unfortunately, neithep nor o are well defined for oulN-
body modelsp is formally divergent as — 0 (eq[10), and
drops to zero at the origin in the absence of the central pinar - r 7
(Dehnel 1993). We can crudely evaluate equalioh (16) by set- T T
ting p =~ 0.5950.338) ando = 0.216(0.244), the mean and 0 100 200 300
mass-weighted, rms values within a sphere of raditif0®)

about the center of the (binary-free) Dehnen model. The re- t

sults, withH = 16, ares = 44(22). These are likely to be FiG. 7.— Binary hardening rate as a function of time, computediras
overestimates: the central density of the galaxy dropsas th average over thay independent integrations at eddhLine styles have the
binary ejects stars and the central velocity dispersiom-s i same mfar:'ndgfasl':r.g 'gd.& 6. T'fkfm%rgs indicate where tfuiehing rate
creased by the presence of the binary. If we decrpdsea was evaluated for Fig18, i.e., &™) = 750.

factor of two to account for ejections and seequal to the  centricities developing around or even before the time the
rms velocity dispersion in the= 0.5 Dehnen model contain-  pinary became hard. This was especially true in the small-
ing a centralM = 0.01 point mass, the predicted hardening integrations (Figll5); foN = 8K, the mass ratio between
rates drop to~ 13(8). These numbers are reasonably con- pjack hole and star was only 40 and a single star-binary in-
sistent with the lowN hardening rates shown in in Figue 8, teraction at early times could induce a substantial change i
S~ 6.5, suggesting that the binary is approximately in the {he pinary’s orbit. Once established at early times, these

“full loss cone” regime at these low values§f eccentricities tended to persist. Spurious changes iim
icity Ch smallN-body simulations have been noted by other authors
4.2. Eccentricity Changes (Quinlan & Hernquist 1997; Milosavlje&i& Merritt 2001).

The N-dependence of the eccentricity evolution (Figure 9) However the general trend in Figullgls 5 &nd 9 is clearly to-
is not quite so transparent. Although the two black holes ward smaller eccentricities for larghi
were initially placed on circular trajectories, pertuibas Statements about eccentricity evolution of massive bésari
from passing stars sometimes resulted in very non-zero ecare often based on the results of three-body scattering ex-
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FiG. 8.—N-dependence of the binary hardening rate, computed bydfittin
a~1(t) in an intervalAt = 50 centered ora~! = 700. Asterices N-body
results (Fig[B(b)), computed as averages over the set ehwsies at each
N. Filled circles Fokker-Planck results (Fig_1L4), omitting the “secondary
slingshot.” Open circles Fokker-Planck results, including the “secondary
slingshot.”

periments|(Mikkola & Valtonen 1992; Quinlan 1996a; Merritt
2001). In these experiments, change®iare typically ex-
pressed in terms of changesdmas

1

a

d
17)
where K = K(e,a) is a dimensionless rate coefficient and

(@)= (an

() indicates averages over impact parameter and velocity at

infinity. Mikkola & Valtonen (1992) and Quinlan (1996)
give approximate analytic fits t&;(e a,v.), the impact-
parameter-averaged rate coefficient describing changes in
due to interaction of the binary with stars o$imglevelocity
Vo. These expressions féf; can be converted into expres-
sions forK by averaging over an assumed velocity distribu-
tion at infinity, and Quinlan (1996, Fig. 9) shows the resafts
such a calculation. (Sesana et al. 2006 present similas.plot
Evolution is always found to be in the direction of increasin
eccentricity, i.eK > 0, excepting possibly in the case of soft,
nearly-circular binaries (Quinlan 1996, Fig. 9d-f). Evixdm
rates tend to increase with increasing hardness of theypinar
reaching maximum values &f ~ 0.2 for equal-mass binaries
with e ~ 0.75 and falling to zero a¢ = 0 ande= 1. This

is at least qualitatively consistent with Figlide 9, whiclowi
de/dIn(1/a) generally increasing at late times, i.e. for larger
binding energies.

Comparing these predictions quantitatively with tNe
body experiments is desirable, but problematic for a wvariet
of reasons, the mostimportant of which is probably the gfron
dependence df ona/Vpin, Wherea is the stellar velocity dis-
persion (assumed independent of position)#ithe binary
orbital velocity. In galaxy models like ours,is a steep func-
tion of radius near the galaxy’s center and it is not cleartwha
value to choose.

In the limit of large binding energWyin > o, the velocity
at infinity is irrelevant anK as determined by the scattering
experiments becomes independenaoMikkola & Valtonen

Merritt, Mikkola & Szell

g . .:&““T,‘-“:_"b ; ]
&*"‘MM’ Jama, ‘",r"”
W
o . . A .
200 500 1000 2000
(1/a)

FIG. 9.— Evolution of the mean value ef Each line is an average of tee
values in the varioudl-body integrations that started from different random
realizations of the same initial conditions. Dashed linesws solutions to
equation[(2D).

(1992) find forK in this limit the approximate expression
1-¢&
ke~ 1) [(1-&)"-1],

m=0.3¢’ - 0.8 (18b)

2e
while Quinlan (1996) gives, for an equal-mass binary in the
large-binding-energy limit,

(18a)

~

K(e)~e(1— )" (k +koe), (192)
(ke ko, ks) = (0.731,0.265,0.230). (19b)

Figure[10 shows that the two expressions are in good agree-
ment.

A rough value ofa/Vpin in our simulations is~ 2a'/?,
where o has been set te- 0.2, its mean value within a
sphere of radius.Q (neglecting the effects of the binary). For
a 1in the range 508 a1 < 2500 (Fig[®), this expression
gives 01 2 0/Win 2 0.04. Figure 9 from Quinlan (1996)
suggests thak (e) reaches its large-binding-energy limit for
0/Vbin $ 0.05, so our simulations should be in or near this
regime at late times.

Accordingly, Figuré ® shows solutions to

de=K(e)dIna™?! (20)

using Quinlan’s expression fét(e). The agreement with the
N-body results is quite reasonable, especially for the targe
values ofN. Nevertheless, we stress again that the final ec-
centricity values in oulN-body simulations are influenced
strongly by noise-induced changeseérat early times, and
these changes would be much smaller in the I&tgegime

of real galaxies.

4.3. Mass Deficits

As the binary hardens, it ejects stars from the nucleus and
lowers its density. These density changes are sometimes es-
timated from scattering experiments in a fixed background
like those described above, e.g. the change in core mass
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various times for the integrations witth = 65K.

5. THE FOKKER-PLANCK MODEL

As shown in Figure[]8, theN-dependence of binary
hardening rate in theN-body simulations iss ~ N-%4,
This is substantially flatter than thest N~! dependence
expected in a diffusively-repopulated (“empty”) loss cone
(Milosavljevic & Merritt 2003), which makes it difficult to
extrapolate thé\N-body results to the regime of real galaxies.
In this section we develop a Fokker-Planck model that can re-
produce theN-body results and which can also be applied to
systems with arbitrarily larghl. Unlike previous treatments
of this problem based on encounter theory, we allow the Fadia
distribution of matter to evolve in our Fokker-Planck magel
due both to loss of stars that interact with the binary, and to
diffusion in energy of non-interacting stars. These imgrov
ments will be shown to be crucial for accurately reproducing
the N-body results. They also allow us, for the first time, to

e make quantitative predictions about the evolution of thesna

gr'i%-e nltg'?)thvr:g igg&?émiﬁ(oenSiﬁifi&/ggcl;ifgm t*:{]%e;gt%dgfsgggn%;: i deficit in galaxies where binary evolution is driven by colli
gvolution in the limit of large bin?i.ing energySolig line: Quinlan (1996);ty sional loss-cone repopulation.
dashed line:Mikkola & Valtonen (1992). The solid line was used to com- .
puted the evolutionary tracks (dashed lines) in Eig. 9. 5.1. Loss-cone Dynamics
_ _ L ., _ Consider a spherical galaxy containing a massive central
is equated with the mass “ejected” by the binary. How- ninary thatacts like a sink, ejecting stars that come sefiity
ever the fact that the binary continues to harden at latestime ¢|gse t0 it. LetE = —v2/2+(r) be the binding energy per
(Fig.[6b) implies that depopulated orbits are continuaiinly unit mass of a star in the combined potentigl) = —¥(r)
re-supplied. Changes in nuclear density are therefore a comgs the galaxy and the binary; the latter is approximated as

petition between ejection of stars (some of which may remain _ g, /r. The binary defines a loss cone of orbits that satisfy
bound to the core) and re-population of orbits by gravit@io 3 < 3, (E), where

scattering. A number of other mechanisms can also influence
the evolution of the central density; for instance, loss af-m JFC(E) = 2r|2C [W(ric) — E] &= 2GMy2ric; (21)

ter from the core lowers its binding energy and causes it t0 o0 5 i the angular momentum per unit mass of a star and

expand. The net effect of these various processes is difficul ric is the radius of the ejection sphere around the binary.

to\?vSt'][nﬁte V\ﬁ:houtt f“(le'zOdy S|tmulatf|czjns. ibing ch . Suppose that the binary has interacted with and ejected all

¢ Toflow the stan afr hprac Ice % f_&SCI’I 'ng.c zz\jn%es N stars that were initially on orbits satisfyidg< J. (In Fig.[8,

<'\:/Io_|re m?ss_,m tte{r?ésogzt etrr]na(?% efiblber, te met d Y this appears to have occurred by a time-af5.) The binary’s

b |tosav,|et\;]|c ed al. " )?IS e dl tﬁref“%‘g |r|1 '3 egr? e mf{:llss subsequent hardening is limited by the rate at which stars ar
‘?r‘:‘.’eeﬂ e densl 3f/| pro '% ?3” ) eb|_n| lal-density gr?_ ', scattered onto previously depleted loss-cone orbits. Alddn

within the region influenced by the binary. Mass deficits mental quantity is the ratiqc(E) between the orbital period

have been estimated in a number galaxies (Milosadjeval. - - o .
= - y - YTy T P(E) and the (orbit-averaged) time scale for diffusional refill-
2002; Ravindranath etlal. 2002; Graham 2004; Merritt 2006) ing of the consumption zone (Paper I):

using assumed forms for the pre-existing density profilg: Fi
ure[11 showd/yer versus time, and versus binary semi-major 1 dr . ((AR)?)
axis, for the averaged-body integrations. aic(E) = Re(E) V. Ro0 2R
As in previous work{(Milosavlje\d & Merritt2001] Merritt ¢ '

2006), we find that the mass deficit increases suddenly wherHere R = J?/J(E)? is a dimensionless angular momentum
a~ an, to a valueMges = M12. Since the initial conditions  variable, 0< R < 1, with J.(E) the angular momentum of a
adopted here are rather artificial — neither of the black hole circular orbit of energye, and((AR)?) is the diffusion coef-
particles was placed at the center, for instance — the valusficient associated witlR. The limit R — 0 in equation[(2R)
which we find forMge+ at this time may not accurately re- reflects the approximation that only very eccentric orbits a
flect the value following a real galaxy merger. We therefore scattered into the binary; the orbital period is likewisérkd
present in Figuré 1Mget — Mgeth, the changein the mass  in terms of aJ = 0 orbit. This approximation breaks down
deficit since the time at which = ap; as above, we take this  for the most bound orbits but as we show, almost all of the

0.05

(22)

time to bet = 10 (Fig[6). loss cone repopulation comes from stars weakly bound to the
When plotted vsa_wh/a (Fig.[11b), theN-dependence of the  pinary.
evolution almost disappears, allowing the differentialssia In the case of orbits with periods much shorter than the re-

deficit to be expressed almost uniquely in terms of the changsfilling time (g < 1), the system is “diffusive” and the loss
in semi-major axis. As shown below, a binary would not be cone is largely empty. For orbits with periods much longer
expected to evolve past ! ~ 1009;1 before gravitational than the refilling time ¢ > 1), the system is in the “pin-
wave losses begin to dominate the evolution, implying a maxi hole” or “full loss cone” regime. In a galaxy containing a bi-
mum mass deficit of 5M12; however an extrapolation of this  nary with fixedrc, qic increases with decreasirtg i.e. with
prediction to the much largdt regime of real galaxies would increasing distance from the binary. The energy at which
be dangerous. Figutell2 shows averaged density profiles afjc = 1 is defined as the critical energ¥e i, that separates
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FiG. 11.— Evolution of the mass deficits in ti\ebody integrations, vs. time (a) and semi-major axis éa)is the binary separation at= 10, when the hard
binary forms, andget is the mass deficit at this time. Line styles have the same imgas in Figurél.
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eachN: rlgl = 100, corresponding to the timex 15 when

the hardening rate has just begun to exhibit a dependence on
N (Fig.[6); andr,c = a(t = 350), the final value of (different

for eachN). This figure suggests that none of the integrations
was fully in the empty loss cone regime characteristic of rea
galaxies; even foN = 26, gc > 1 except at energies close
toY(rn) (as defined abovey, is the gravitational influence ra-
dius of the central mass, i.e. the radius containing a mass in
o _ [ stars equal to twicM ;). As the binary hardensc increases

—

Lol

0.1

Lol

o r 5 in all of the simulations, and at the final time step, > 1 at

CF ] E < W(rp) for all N, i.e. the binary has evolved essentially
] completely into the full loss cone regime.

- 1 A more useful characterization of the binary’s loss cone

ok is shown in Figuréd_13b. For this figure, the flux of stars

into rc was computed, and broken into two parts: the flux
Fru originating from stars at energies such that> 1; and
Fempty, from stars with energies such tlopt < 1. The energy-
dependent flu (E) can be derived from the orbit-averaged
equation describing diffusion ih (Eq. 19, Paper I):

Ll

Ll i
0.1 1

r

FIG. 12.— Evolution of the mean density profile in the 64K inteignas.
Black: t = 0; red:t = 50; blue:t = 150; greent = 250; oranget = 350.

o Reac (RG% ). (23)
empty- from full loss cone regimes. Thedependence of the ot P "OR\ 0R
problemgfpears via the angular momentum diffusion coeffi-
cient((A )>, which scales (approximately) linearly with the
mean stellar mass, i.e. inversely witHfor a fixed mass of the
galaxy (Paper I). Other factors that influemgeare the degree ~ Where A (E,R;t) = 4T°P(E)J2(E)f(E,Rt) is the number
of central concentration of the galaxy (high central dgnsit density of stars in théE,R) plane. . The flux into the bi-
implies largergic) and the size . of the interaction sphere
(i.e. the binary semi-major axis). Milosavljevic & Merritt ! We assume in writing equatiof [23) that the orbit-averagekker-
(2003) show that massive binaries in real galaxlé%(log) Flanck equation can be applied near the loss-cone boundaiy.is valid

. . ; . forthe d|ff_US|ver-repopu|_ate_d loss cone o_f a bln_ary |n_ai galaxy, but may _
are essentially always in the empty |055. cone regime, eVen INyot pe valid at low energies in thé-body simulations since the loss cone is
the extreme case of@~ r~2 stellar density cusp, due to the nearly full and the separation of time scales on which thét-asteraging is
long relaxation times and to the large physical size of alyina  based breaks down. Nevertheless equafioh (23) is traalijoapplied even

As a first step toward understanding the evolution of the bi- in this regime[(Cohn & Kulsrdd 1978: Magorrian & Tremaine $990ur ex-
pression for the flux does tend to the correct limit in the lfadls cone regime,

nary in ourN-body simulations, we plot in Figufe L 8g:(E) dic > 1. See Shapiro & Marchant (1982) for a treatment of the loge that
for our initial galaxy model, assuming two values fo at is not based on the orbit-averaged approximation



Binary Black Holes 11

<
E ; roTrrTTT T T ? T
ofF ; -
o L T
O E . 3 QL
N ] S
Q ;—"‘"\a» + L
N ; ©L

o S ] 4°

[} — - S B

o Ll_q_q-
~ E_ ————————— d I~
— L ~
(@] E o |-
5L -
O E AN o L bl 1 1
0.01 0.1 1 100 200 500 10002000

E 1/a

FiG. 13.— (a) The functioryc(E) that describes the ratio of the orbital periodEato the timescale for diffusional refilling of the loss comg> 1 indicates
that the loss cone is “full,” and real galaxies haye< 1. Line styles have the same meaning as in Fifilire 6. Thickeswskiong,. for a—1 = 100, when binary
has just entered thid-dependent phase of its evolution (Fig. 6). Thin curves shgvior the binary at the final time step= 350; the binary separation at this
time is different for eacN. The radius of the loss sphere has been sat Yertical dotted line i€€ = Y(ry,). (b) The fraction of the flux of stars into the binary’s

loss cone that is contributed at energies witgge> 1, i.e., where the loss cone is essentially full. Lines shoedistions forN = (0.5,1,2,4) x 10°. These plots
ignore binary-induced changes in the mass distributioh@balaxy.

nary is the flux integrated from O t&; andF is the total flux. At
d /1 the start of theN-body integrations, Figufe 1.3b suggests that

¥ (E)dE= [__/ N(E,R,t)dR] dE (24a) the binary in the largeN models N 2 64K) is essentially in

dt Jr, the empty loss cone regime; < F. However by the final

Re day 1 time step, the binary has shrunk and entered into the “pin-
f—qu {Rﬁ} dE (24b) hole” regime,Fty > Fempty for all N. In the integrations
Ro with N < 16k, the binary is in the full loss cone regime from
) of the start.
= 410 (E) e (E) {Rﬁ]%dE- (24c) Figure [IBb also includes curves for the cades=

(0.5,1,2,4) x 10°. Values ofN up to 4x 10° are now compu-
In these expression$, has been allowed to fall to zero at an tationally feasible via direct-summation codes combinét w
angular momenturRy(E) that is different fronR¢(E). Cohn special-purpose hardware (Harfst et al. 2006), and FigBive 1
& Kulsrud (1979) derived an approximate expressionRgr suggests that thid value is large enough to place the binary
expl—qic) E)>1 effectively in the empty loss cone regime for most of its evo-
Ro(E) = R¢(E) x { Gic), Gic lution. (The minimum requiretll would be larger than this if
exp(—0.1860c —0.824,/4), qc(E) <1.  the binary were given the smaller mass10 3Mgg, typical

For gic < 1, Ro ~ R but asq increases, the loss cone is of black holes in real galaxies, or if the galaxy model were

| ly full andRy ~ 0. Finally, doot the steadv-state More centrally concentrated.)
saorl?ft}ic))/n ltJO :c;‘ualfioorﬂzS) fcl)rf]ai')é_ Wwe adopt the steady-state Figure[13B illustrates the difficulty of scaling the binarypev

lution observed in ouN-body simulations to real galaxies. In
f(RE) = In(R/Ro) T(E) (25)  the empty loss cone (i.e. diffusive, largé-limit, the sup-
’ In(1/Ry) — 1 ply of stars to the binary scales 48AR?)) 0 m, O N~ for
. . . e a fixed total galaxy mass (ignoring the weak dependence of
(assumingRo < 1) implying a diffusive flux the Coulomb logarithm om). In the full loss cone (pin-
) T(E) hole, smallN) limit, the loss cone flux is independent Nf
F (E)dE:4T[2‘]|c(E)QIc(E)WdE- (26)  In between these limiting cases, one expects (Paper 1) that
the flux, and hence the hardening rate of the binary, scales as
Here,T = [§ f(E,R)dRis the isotropicf that has the same ~ NP 0<p < 1. Thisis consistent with the~ N~3% de-
total number of stars at eaghas the truef (E,R). pendence observed here (equalioh 15). Fifulre 13b suggests
As noted above, the loss cone of a binary black hole in athat of ordemN ~ 10’ stars would be required before the bi-
real galaxy is essentially empty, i.e. almost all of thesstar nary is comfortably in the empty loss cone regime, allowing
scattered into the binary would come from ener@ies Eg;i; . its evolution to be reliably scaled to larger value$\of
Figure[13b shows the results of applying equation (26) to our Even if we were in this regime, the expressions given above
initial N-body model, withr,c = a and witha allowed to vary for the flux of stars into the binary’s loss cone might not
over the range 108 a ! < a[;1350' In this figure,Fsyy is accurately predict the binary’s evolution, since they igno
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changes in the galaxy’s structure. Figuré 12 suggest thaeth

Merritt, Mikkola & Szell

andv = [2P(r) — 2E]1/2. Near the binary, where the poten-

changes are significant: the density near the galaxy’s centetjal is close to Keplerianp(E) ~ 2*3/2nG3Mfz|E|*5/2 and

changes by a factor 2 as the binary hardens. We now con-
sider a model that includes both changes in the binary due t

the stellar distribution, and that can be reliably scaleth®
largeN regime of real galaxies.

5.2. Evolutionary Model
The J-directed flux of stars into the binary, described by

equation [(ZB), implies a decrease in the number of stars a

Jic $JI S I(E). In Paper I, this decrease was followed by in-
tegrating equatior (23) forward in time at fixéd The justi-
fication for treating the problem in this restricted way wae t
difference in time scales betwe&n andJ-diffusion; the for-
mer occurs in a time- T, while the latter requires (an/r)T;.
The evolution off (J;E) and # (E) over the shorter of these
time scales was followed starting from a completely emptied

loss cone and the change in the density of the core was com

puted from the changes M(J; E) at everyE.

In the present paper, we focus on changes that take plac

over the longer of these two time scales,T;. This allows
us to largely ignore the initial conditions, and to assuns th
an expression likg (25) is an adequate description ofJthe
dependence of at everyE. However it also implies that we
can not ignore changes I, which occur on timescales of
~ Tr.

; : . : > OCoulom
interaction with stars, as well as binary-induced changes i fined as

d(E) = (2Y21/6)G3M3,|E|~¥/2. InA = In(M12/m,) is the
b logarithm. Hencefortii andN are explicitly de-
mass (not number) densities, anés the mass flux
into the binary’s loss cone.
An equation like [(2I7), in which the-dependence of

is contained implicitly in# (E,t), was first written by Bah-
call & Wolf (1977). It has since been adopted by a num-
{)er of other authors to describe the evolution of the distrib
ion of stars, compact objects or dark matter around a single
supermassive black hole (Murphy etlal. 1991; Merritt 2004;
Hopman & Alexander 2006). It is being used for the first time
in the present paper to describe the evolution of the stellar
distribution about a binary black hole. Singe scales only
as~ Iogrlg1 (equatiori Zb), the ratio of the two terms on the
right hand side of equatioh (R7) is not greatly affected kg th
much greater (in linear extent) size of the loss cone of arpina
compared with a single black hole.
e Therelation between the flux into the binary’s loss cone and
the rate of change of its semi-major azigs

d (lelu) _ _/ﬂE,t)AEdE

with p= M1Mz/M, the binary reduced mass aA#&(E) the

dt \ 2a (30)
mean specific energy change of stars, originally at enErgy

On these longer time scales, the evolution of the densitythat interact with the binary. In Paper II, we set

near the binary is a competition between loss of stars tifrat di
fuse onto lowd orbits and are ejected by the binary, as de-
scribed by (E), and replenishment due to stars that diffuse
in energy from regions of loweE, i.e. larger radius. Be-

yond a certain radius, the relaxation time is so long that the
E-directed flux can not compensate for the integrated loss-

cone flux,[ # (E)dE, and the mean density within this radius
must drop — implying the creation of a mass deficit.

We can approximate the evolution of the galaxy/binary sys-
tem in this late-time regime via a modification of the orbit-
averaged Fokker-Planck equation fdE):

ON oFe

5~ o Y ED, (27)

where# is theJ-directed flux defined in equation (26), and
Fe is the energy-directed flux, given by

of
Fe= _DEEa_E — DEf (286.)
E
DEE:64rf‘sz*|n/\[q(E)/ dE'f(E')
0
+ / de/q(E/)f(E’)}, (28b)
E

De = —64G2m, InA /E “AdEpENF(E)  (280)

In these expressiond,(E) is understood to be theass
density of stars in phase space associated with the functio
f(E) defined above, and the quantities and 7 are mass
fluxes.N(E)dE = 41@p(E) f (E)dE is energy-space distribu-
tion, with p(E) andq(E) the phase-space weighting factors,

p(E) _4/0rrW(E> v(r)radr, (29a)
o(E) :g /0 ™ A, (29b)

AE = AEnjis = —<C> %l, (316.)
L d /1) 20
st =g <5) — m/? (E.)dE.  (31b)

The coefficientC) is independent of energy for stars that in-
teract with a “hard” binaryl (Hills 1983; Mikkola & Valtonen
1992; Quinlan 1996a). Hardness is defined/as/o, where

Vbin = v/GMz12/ais the relative velocity of the components of
the binary anab is the stellar velocity dispersion in the unper-
turbed galaxy. An equal-mass binary is in the “hard” regime
whenWin/o 2 3 (Quinlain 199€a). In the current models,

(

with o, ~ 0.278 the peak velocity dispersion in tige= 0.5
Dehnen model. Thél-dependent phase of binary evolution
begins ata~! ~ 100 in theN-body models (Figll6), hence
Vbin/0p = 3.6 and equation (31) is expected to be accurate.
In Paper Il, settindC) ~ 1.25 was found to reproduce tin
body hardening rates. YU (2002) argued for a similar value of
C).

Expressions likd (31a) were derived from scattering experi
ments that allowed for the possibility of multiple interiacts
fbetween star and binary. However the confining effect of
the galaxy’s gravitational potential was ignored. As ndted
Milosavljevic & Merritt (2003), stars ejected once by the bi-
nary can interact with it again as they return to the nucleus o
nearly-radial orbits. If the energy change during the finst i
teraction is not large enough to eject the star completelnfr
the galaxy, it will experience one or more “secondary sling-
shots”, and the total energy extracted from the binary by the
star will be the sum of the discrete energy changes during the
interactions.

1

1/2
)

Vbin _ 0,36
Op

(32)

—
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A minimum condition for re-ejection is that a star remain
bound to the galaxy after its first interaction with the bi-
nary, E+ AE 2 0. Most stars that interact with the bi-
nary have apocenters r, (Milosavljevic & Merritt 2003);
since the gravitational potential at this radius is dongdat
by the galaxy, we can write this condition for re-ejection as
|AE| < &,(0) with ®,(0) the central value of the galaxy’s
(stellar) gravitational potential. The= 0.5 Dehnen models
used here have, (0) =~ 0.67 in the adopted units, implying
a1 < 200 for re-ejection.

Even if a star satisfies this condition, re-ejection willyonl

In(ay/a)

Fic. 15.— Evolution of the mass deficit in the suite of Fokkerrekaintegrations presented in Figl14. Line styles have éineesmeaning as in Figureé 6.

be effective if the star remains in the binary’s loss cone for
longer than an orbital period, i.e.dfE) < 1. Re-ejection will
also fail for a star with apocenter greater than somg>> rp,
since the overall potential in a real galaxy is never prégise
spherical and the star will be perturbed from its nearlyahbdi
orbit on the way in or out Vicari et al. (2006).

We considered a modified form of equatidn](31) that
accounts for re-ejections. L@&Emax = P(rmax) — P(rn).
Re-ejection was assumed to occur if the following condi-
tions were both satisfied: (IAEniis| < |[AEmax; (i) q(E +
AEpiis) < gmax~ 1. Condition (i) guarantees that the star
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remains bound to the galaxy after the first ejection, with galaxy model was a Dehnen sphere, equafioh (10), yvith
apocenter< rmax.  This condition is roughly equivalent to 0.5. This is the shallowest central slope that is consistent
Gl/a < Pga(0) ~ 1 and is satisfied foa ! < 500~ Sagl with an isotropic phase-space distribution around a ckntra

in our models, i.e. during the early phases of binary evolu- point mass; it is also a fair representation of the core pro-
tion. Condition (ii) guarantees that the star will remairthin files that are produced during the “rapid” phase of cusp de-
the binary loss cone for of order one orbital period or longer struction that accompanies the initial formation of the mas
after the first ejection; this condition is satisfied at lafge. ~ Sive binary (Merritt & Szell 2006). Fokker-Planck integra-
bound) values oE (Fig. 13). tions were carried out for different values Nf= Mga/m, =
Fora ! greater than- 160, which occurs shortly after for-  (10°,107,...,10'2). The time axis in these plots is the relax-
mation of a hard binary (Fig. 5), even a single re-ejection ation time measured at the binary’s influence radius in the in
would give a star enough energy to escape the galaxy. Hencetial model; all integrations were continued urtti= 4T,(rp,).
at energies such that conditions (i) and (ii) were both satis Equation[(IR) was used to set the initial valuapfiuantities
fied, we setAE = 2AEy;s, while if either condition was not  like the mass deficit in Figurési6 dnd 17 should be interdrete
satisfied, re-ejection was assumed not to occur and we seés the accumulated change in these quantities after theybina

AE = AEyj)s. This scheme has two paramete@ggaxandrmax first becomes “hard.” Unless otherwise stated, re-ejestion
the results are weakly dependentrgiax for rmax>> rp and we were ignored.

fixedrmax= 100r,. The consequences of varyiggaxare dis- In all of the integrations, the binary begins in the diffu-
cussed below. sive, or empty loss cone, regimgd > 1) due to its large

Finally, we need to account for changes in the gravita- initial separation, and evolves toward the pinhole, or lagks
tional potential as the stellar distribution evolves. (We i cone, regimedyc = 1) as it hardens. The transition to the
nore possible changes in the mass of the binary.) Here wepinhole regime occurs later for largdk; for N = 10*2 (the
follow Hénon’s (1961) scheme of assuming tiaemains a  heavy curves in Fig$._16 and]17) the binary remains essen-
fixed function of the radial adiabatic invariant as the peten tially in the diffusive regime until the end of the integraiat
tial is adjusted. Our numerical schemes for advandimgas  4T,(r;). However we argue below that evolution of binaries in
based closely on the algorithms described by Cohn (1980) andeal galaxies would typically be expected to terminate keefo

Quinlan (1996b). the pinhole regime is reached.
5.3. Comparison with the N-Body Integrations 6.1. Binary Hardening Rates
Figure[I4(a) compares the evolution af! in a set of Figures 16 and 17 show that at lafdethe binary hardening
Fokker-Planck integrations with initial conditions choge time,
mimic those in theN-body integrationsy(= 0.5, M = 0.01, Thard = ’i“ (33)

a~1(t = 0) = 0.01). Fixingp(r) and®(r) (dot-dashed curve)
is equivalent to the assumptions made by Yu (2002), Who i9- tends to a fixed fraction of.(r+) at anv givena. This is
nored changes in the stellar distribution as the binarpnedl 10 “empty loss cone” regirn(1£.) The }:'a%fhard/-rr(rh) in-
Allowing the density and potential to evolve (solid lines} r  ~rasses frome 0.1 at largea, i.e. early times, tov 0.3 when
sults in a considerably lower hardening rate for the binary. a~ 10 5ap, with a weak dépendence on b’inary mass ratio
Including the secondary-slingshot (heavy solid line) &&=es — \ya il argue below that binary black holes in real galaxies

the hardening rate but only slightly; as explained abovegon lie close to the largé&¥ hardening curves throughout much of
the binary becomes hard, most stars that interact with it arCheir evolution and so it is of interest to develop an analyti
ejected completely from the galaxy and do not return to the understanding of this regime
binary’s sphere of influence. '

- . . . Sinceqc(E) (equation2P) is the ratio of the orbital pe-
Figure[14(b), which can be compared with Figliie 6(b), riod to the diffusional loss cone refilling time at energy

shows the evolution of binary semi-major axis in a set of ie ;
; X b > .e. qc(E) = P(E)/[R¢(E)Ty(E)], we can rewrite the flux of
Fokker-Planck integrations with the same values\aés in stars into the binary, equatidn {26), as

the N-body integrations. The correspondence is quite good;

the Fokker-Planck integrations show a slightly steepeedep ) . T(E)

dence of the binary hardening rate Nn(Fig.[8). The evo- # (E)dE ~ 4T3 (E)P(E)T, (E)Wd E. (34)
lution of the mass deficit as derived from the Fokker-Planck

integrations is shown in Figufe 115 (cf. Fig.J11). Here the Assuming a fixed mass model for the galaxy, the flux into the
correspondence is not quite as good, but still reasondie; t binary, integrated over one relaxation time, scales tloeeais
weak dependence M4esonN for largeN is well reproduced.

1
6. PREDICTIONS OF THE FOKKER-PLANCK MODEL FOR LARGHE ¥ (E)T(E) O[In(1/Ro) — 1 (35a)

Having established that the Fokker-Planck model can ~ [In R(cl] 1, Qe < 1; (35b)
mimic the joint binary/galaxy evolution seen in thebody 1 >1 (35¢)
integrations, for various values &f < 10°, we now extend FAc Gie > =
this model to the much largét regime of real galaxies. The The binary hardening rate is fixed lsy anda (equation 31b),
goal is both to predict the long-term evolution of a massive so these expressions imply that the binary’s evolution over
binary in a real galaxy, and also to record the changes in thea specified number of relaxation times will be smaller for

central structure of the galaxy. smallerN, i.e. largerqc; while in the largeN limit, the evo-
Results for a galaxy containing a binary withj, = M1 + lution rate at a givea will be determined solely by;. These
Mo = 10*3Mga| and two mass ratiog = My/M1 = (1,0.1) predictions are consistent with the upper panels of Figlies

are shown in Figure_16 aid]17 respectively. The initial and1T.
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F1G. 16.— Joint binary-galaxy evolution in Fokker-Planck misdeith M; = Mz andM12 = 1U3Mga|. (a) Binary semi-major axis; (b) binary hardening time;
(c) mass deficit as a function of time, and (d) mass deficit amatibn of binary separation. Different lines correspoadiifferent values oN = Mgq/m,:
N=10°,107,...,10%, 102 (thick line). Symbols mark the timigq at which the binary hardening rate equals the gravitaticadibition evolution rate, assuming a

binary mass of 1M, (squares), 1M, (circles), 16M, (triangles), and 1¥M,, (stars). Filled symbols denote models in whidfis roughly equal to its value
in real galaxies, for each value bf,. Dashed lines in panels (a) and (b) are the analytic modetitbes! in the text.

0944 (a,/a)

The gradual decrease with time of the hardening rate is duefor a = (1,0.1) respectively. The weak dependence of the
to two factors: the decreasing size of the binary, and the de-fitting parameters on binary mass ratio reflects the lack of a
clining density of the core. Again ignoring changes in the mass ratio dependence in the evolution equatiods (31).
core structure, the expressions given above can be used to es Integrating equation (37) gives a simple expression for the

timate how the hardening rate varies wéthThe result, in the

largeN limit, is
1
Tr

a T

2 Toat g (2
a

time dependence of the binary semi-major axis:

n(3)- 5% i

(36) AT\m™t ATi(rp)

(39)

i.e. the fractional change ia over one relaxation time is

weakly dependent oafor largeN.

We tried fitting a similar function to the largd-hardening

curves in Figurels 16 and117, i.e.

e

The results are shown as the dashed lines in Figures 16

andITb. We found good fits for
A=(0.0160.017),

al
a

)+B.

B = (0.08,0.09)

wheret is defined, as in Figurés1l6 and 17, as the time since
the binary first became hard, i.e. the time siace a,. This
function is plotted in Figurds 16a ahd 17a, where it again pro
vides an excellent fit to the large-evolution curves.

We now show that real black hole binaries are expected to
be in this empty loss cone regime throughout most or all of
ﬁheir evolution. Maximum traversal of the tracks in Figui€s
and[IT will occur if no physical process, aside from interac-
tions with stars, affects the hardening rate until the deaavi
tional radiation regime is reached. The time scale assxtiat

(37)

(38)
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FIG. 17.— Like Fig 6 but foM, = 0.1M; andM1, = 10-3Mgg.

with gravitational radiation is (Petérs 1964) 0~ (44,70,112 180) km s1, and using the values @f and
a 5 gt B derived above, equation (42) implies
Ty = ‘—. =2 = 40
" lalg  64G3 Mz, (40) an/aeq~ (315,93 27,8.0) (43)

where p = M1My/M12 is the reduced mass of the bi- foroa=M;y/M; =1, and
nary and a circular orbit has been assumed. Following N

Merritt & Milosavijevi@ (2005), Ty can be expressed in terms an/aeq~ (140,40,12,3.5) (44)
of M. = M12 anday, using theM, — o relation, equatiori{3),  for a = 0.1. The corresponding times are

as
N ol 0,654 teq~ (0.73,0.53,0.35,0.20) x T(rp)(a = 1), (45)
Tgr 5.7 % 1010Vr7(1+ ) Mes a2 (41) ~(0.65,0.54,0.27,0.13) x Tr(rn) (o = 0.1).  (46)

with 8= a/an andd > = a/(0.01ay). The values just computed faq and teq correspond to

We defineteq as the time wheffhaq= Tgr. In orderto ex-  the largeN (empty loss cone) limit of the Fokker-Planck
tractteq in physical units from the Fokker-Planck integrations, equation, i.e. to the heavy curves in Figuies 16 17.
we need to assign a value in yearsTiéry). This we do via  The filled symbols in those figures show whéligrg = Ty
the straight-line fit to the data in Figuré 1. Combining equa- on the four tracks that best correspond to the four val-

tions [4), [37), and(41) the conditidRarq = Tyr becomes ues jgst considered foM,. Since M.Oszz é9>< élojl\glg?
an\ 4 an 3 644 219 (Merritt & Ferrarese 2001), we sdt= (10°,10°,10"°,10™)
(E) [Aln (E) + B] =7.1x10%°(1+0q) M, 6 for M, = (10°,10°,107,10®)M,,. The symbols confirm that
_ . (42) binary black holes of madd, = 10°°M., remain essentially
with M, 6 = M, /10°M,. We defineaeq as the value of that in the empty loss cone regime throughout their evolution. Fo

satisfies this equation. Fod, = (10°,10°,107,10°)M, i.e. binaries of mas#l, = 10°M,, the evolution just prior to the
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gravitational radiation regime begins to depart from thiat o —T T T T T
a diffusive loss cone, resulting in somewhat lower hardgnin

rates than predicted by equatiohs](37) (39). The discrep
ancy with the analytic expressions would be expected to in- [ N
crease still more for binaries of still lower mass (if sucisgx

0.01
——
I

5x107°
——
Ve
L

6.2. Mass Deficits

Next we consider the effect of the binary on the structure
of the galaxy’s core. Evolution of mass deficits is plotted in I
the lower panels of Figurds 116 ahd 17. Particularly striking L/

Flux
0
'
/
I
I
|1
[
I
|
|
l\
|

are the panels showingges vs. binary hardnessy/a. As ”?O i F ()
was true in theN-body integrations, long-term evolution of <k E i
the binary generates mass deficits that are very well pestlict o --- JFdE
by the change in binding energy of the binary black hole, i.e. —— F(E) - J¥ dE
by an/a. This dependence is accurately described by o[ 1
o
Mget ! PR A U NN NN U R RN R R
M (1.8,1.6)l0g;0(an/a) (47) 059 0.6 0.61 062 063 064 0.65 0.66
where the numbers in parentheses refer to(1,0.1) respec- E
tively' ,The mass deficits generateq bgtween fp”_“a,tion of a FIG. 18.— Fluxes in the Fokker-Planck integration with= 10" anda = 1,
hard binary, and the start of the gravitational radiati@irree, at atime~ T, (rp).
iven by setting = agq in this expression, i.e. ' - 05 iy
are given by q ' profile adopted here for the initial modefsy~ r >, implies
Mgef= (4.5,3.5,2.6,1.6)M12 (o =1) (48) a “temperature inversion,” i.e. a velocity dispersion timat
~(3.4,2.6,1.7,0.9)My2 (a =0.1). (49) creases with radius. Relaxation drives such a nucleus tbwar

a locally “isothermal” form before the onset of core collaps
for My = (10°,10°,107,10®)M,,. These values should be causing the central density to drop (Quinlan 1996b). The bi-
added to the mass deficitdqerh generated during the rapid  nary contributes to this process by maintaining a flat dgnsit
phase of binary formation, i.eVgeth ~ 0.70%?My (Merriti profile near the center, forcing the temperature inversion t
2006). ' persist.

Mass deficits in these models are not related in a simple way 2 IMPLICATIONS FOR BINARY EVOLUTION IN GALAXIES
to the mass in stars “ejected” by the binary. The flux of stars :
into the binary constitutes a loss termg (E,t), on the right Equation [[3B), based on the Fokker-Planck integrations,
hand side of equatiof_(R7), and in the absence of any othemlccurately describes the evolution of a hard binary in the
influences, the density of stars near the center of the galaxyempty loss cone regime (i.e. in galaxies With = 10°°M.)
would drop in response to this term. Removal of stars alsogiven the relaxation time at,, while equation[(§}), based
reduces the gravitational force near the center, contrigtitd on observed properties of galactic nuclei (Fiy. 1), proside
the expansion. However the second term on the right handthe mean value o, (ry) for galaxies with black hole mass
side of equatior(27);-0F¢ /0E, has the opposite effect. This M, = M1,. Together with equatior_(40) for the gravitational
term represents the changeNK(E, t) due to diffusion of stars  radiation time scale, these relations can be used to predict
in energy; as the mass deficit increases, so do the gradfents imean evolution rates and binary separations in real gaaxie
f, which tend to increase the energy flux and counteract thegiven(M,,a) = (M2/M3).
drop in density. Including the effect of energy lost to gravitational radiat

In principle, these two terms could balance, at least overthe binary’s semi-major axis evolves as
some range in energies, allowing the binary to harden wtthou

generating a mass deficit. This would require E 1 — E 1 + E 1 (51)
o dt \a dt\a/pag dt\a/g
Fe(E) = [ 7 (E)dE. (50) ..
. . e d /1
i.e. the inward flux of stars due to energy diffusion at energy T@@) t=a— (—> = Th;}d(a) +Tg}1(a). (52)
E must equal théntegratedloss to the binary at all energies dt \a

greater tharkE. However, at sufficiently great distances from The time for the separation to drop fraapto a is
the binary, the relaxation time is so long that the IdgalE)

must drop below the integrated loss term, implying that the 10Mr x /y"‘ax Ay+B (53)
density within this radius will drop. Growth of a mass deficit C+D(Ay+B)e¥

reflects the imbalance between these two terms. where

We illustrate this imbalance in Figufe]18 which shows

Fe(E) and [ 7 (E)dE in the Fokker-Planck integration with C=1.25Mg ™4, (54a)
a =1 at a time~ T;(r,). The lowest energy in the figure _ —9.—3 6 /0.65
corresponds roughly(to)the outer edge of the binary-geeérat D=175x10"0"(1+a)"Mg (54b)
core. andymax= In(an/a). The full time to coalescenciyg, Start-

Yet another mechanism contributes to the growth of massing from ay, is given by setting/max = o in this expression.
deficits in the Fokker-Planck models. Even in the absence ofFigure[I9 shows:.q as a function oMj for a = (1,0.1).
the loss term associated with the binary, the nuclear densit Shown separately on this figure is the time to evolve from
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FiGc. 19.— Time to coalescence starting fran= a, as a function of
binary mass. Solid curves are derived from equation (53) Witax = »;
black/thick: o = 1; blue/thin:a = 0.1. Dotted curves show the evolution time
froma=aeqtoa=0, i.e. the time spent in the gravitational radiation regime
only. Equatiofi 5b gives accurate analytic approximatiartsoy(Mi2; ).

a=agtoa=0, ie. the time spent in the gravitational ra-
diation regime alone. The latter time is a factetl0 shorter
than the total evolution timi,g, which motivates fitting the
following functional form totcoa(M12; a):

Y =Cp + CoX + CaX?, (55a)
o tcoal

Y =log;q (1010yr) , (55b)
_ Ma2

X=logp (W) . (55c)

(This functional form is the integral of equatibnl 39.) A leas
squares fit to the curves in Figlre 19 gives

a=1:C;=-0372 C, =1.384 C3=-0.025(56a)

a=0.1:C;=-0.478 Cp, = 1.357, C3 = —0.041(56b)

The fit of the analytic expressions is better than 296<1)
and 5% ¢ = 0.1); most of the deviations occur at the high-

M12 end where coalescence times are much longer than
Hubble time.

Based on Figure19, binary black holes would be expected
to reach gravitational wave coalescence in 10 Gyr in gataxie

W|th Mlz S 2 X 1(}3M@.
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FIG. 20.— Probability of finding a binary black hole in a unit intel

of Ina. From left to right, curves are fdvl1> = (0.1,1,10,100) x 10°M,.
Solid(dashed) curves are ftMz/M; = a = 1(0.1). Open circles indicate
a = agq; filled circles correspond to an elapsed time siace ay, of 101 yr.
For the two smallest values ®f,, the latter time occurs off the graph to the
right.

8. IMPLICATIONS FOR THE STRUCTURE OF GALAXY CORES

In the most luminous spheroids, mass deficits generated by
a binary black hole are likely to persist for the lifetime of
the galaxy, since relaxation times are much too long for star
star scattering to alter the phase-space density (cf. [fig. 1
In collisional nuclei on the other hand, relaxation times ar
short enough that the stellar distribution can be substinti
affected by gravitational encounteadter the binary black
hole has coalesced into a single black hole. A Bahcall-Wolf
(1976) cusp will form in a time~ T, (ry) after the binary
black hole coalesces into a single hole, inside a ragiQLr,
(Merritt & Szell[2006). In addition, the structure of the nu-
cleus beyond the cusp will continue to evolve, as two-body en
counters drive the stellar “temperature” profile towardhso-
mality prior to the onset of core collapse (Quinlan 1996b).
The nuclear density profile at some time after coalescente wi
depend on how far along the evolutionary tracks of Higs. 16
and 1T the binary evolved before coalescing, as well as on the

£lapsed time since coalescence.

Figure[21 illustrates these competing effects with a con-
crete example. A Fokker-Planck integration with= 10° and
a = 1 was carried out until a time= teg, teq Was computed

as above assuming a binary mass diMQ. The binary was

Figure 20 shows the probability predicted by equation (52) @ssumed to become a single black hole at this time; the in-

of finding the binary in a unit interval of la,

-1

P(lna)Oa da OT(a),

dt

for four values ofM1, and fora = (1,0.1). Viewed at a ran-

(57)

tegration was then continued for a timigry), but with the
binary loss termy (£) set to zero. As the figure shows, a
p ~r~7/4 cusp is generated at< 0.2rn. The net result is a
flat core containing at its center a compact star clustematou
the black hole. The stellar mass within the cusp-i8.1M,.

If binary coalescence were assumed to take place sooner

dom time before coalescence, a hard binary is most likely tothan ~ teq (due e.g. to gas-dynamical torques), the mass

be seen ah ~ 2aq, although the distributions are nearly flat

for 1 <apn/a< 2ap/aeq. ForMis 2 10’M.,, evolution for 10
Gyr would only bring the binary separation slightly belayy

deficit would be smaller than the value 3.5M;, generated
in this integration, resulting in a nuclear density profilens
like those of Merritt & Szell[(2006). As shown in that pa-

in these galaxies the most likely separation to find a binary per, a regenerated cusp can closely approximate the (esyele

would be the stalling radius (Merritt 2006).

density profile at the center of the Milky Way if the elapsed
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clusion is consistent with, but slightly more optimistiath
the one reached in the current study (see[Ei§. 19); the differ
ences are probably due to Yu'’s neglect of the back-reacfion o
the binary on the nucleus. As in the current study, Yu found a
weak dependence of coalescence time on binary mass ratio.
Some recent studies have inferred rapid evolution of super-
massive binary black holes at the centers of spherical galax
ies, even in the absence of collisional loss-cone repopula-
tion. [Sesana et al. (2007) used detailed three-body sicafter
experiments to evaluate the effectiveness of the “secgndar
slingshot” (Milosavlieve & Merritt 2003) at extracting en-
ergy from massive binaries after they had reached thersgalli
radiusa = ay, in spherical galaxies. They found that binaries
could shrink beyonay, by factors of~ 4(2) for mass ratios
of 1(0.1); for mass ratios below- 0.01 the secondary sling-
shot was found to be ineffective. Almost all of this evolutio
took place within a few galaxy crossing times after the hard
binary had formed; after this time, all of the stars that were

density

ar originally within the binary’s loss cone had been completel
FiG. 21.— Stellar density and mass profiles in a Fokker-Plantgiation ejected from the galaxy.
with N = 10°. The binary black hole was assumed to coalesce=ateq In spite of this very modest evolution, Sesana et al. (2007)

(ba?_ed 0(;1 an_tﬁss?r:;]edt?inary meLs? <9M2) and the linte?tﬁion twas t/fgen concluded that “even in the absence of other mechanisms

Bahcall-Wolf cusp is generated At 021y the stellar mass within the cusp ~ 011Ving orbital decay, pairs involving genuinely supersias

is ~ 0.1M,. Dashed line is the initial galaxy model. holes [i.e. with combined masg 10°M.] should not stall”.

] ) ) ) ) This optimistic conclusion appears to have been based on an

time since binary coalescence ks 8 Gyr. In the integration  eyaluation of the mass “ejected” by the binary (their Fig. 5)

of Figure[Z1, on the other hand, the larger mass deficit is notyather than on the more fundamental criterion of binary sep-

completely “erased” by formation of the cusp. aration. The time to coalescence once a binary reaches the
A nuclear cusp like that in Figure P1 would be unre- grayitational radiation regime is/2 of the timeTy defined in

solved in all but the nearest galaxies. In fact, recent ebser equation[(4lL); coalescence occurs in a timeg @yr if
vations suggest the presence of compact stellar nuclet (“nu

clear star clusters”) at the centers of most spheroidsefint 2~ (0.0150.034) x M014925 (58)
than ~ 10°L., (Rossa et all_2006; Wehner & Hariis 2006; an '

Ferrarese et &l. 2006). The mean mass associated with the Nyghere the numbers in parentheses correspomc-ta(1,0.1)
clei is a fraction~ 0.2% that of the host galaxy with &1c respectively. Tha/ay, values in equatiori(58) are 15 times
range of 006%— 0.52% (Ferrarese et al. 2006). If we assume smaller than those found by Sesana éf al. (2007) after the sec
that low-luminosity spheroids contain massive black holes pndary slingshot had run its course, implying that the béesar
and that the ratio of black hole mass to spheroid mass is sim4n their model galaxies would stall at separations far aletsi
ilar to the mean value- 0.12% characteristic of more lumi-  the gravitational radiation regime unless extremely etrazn
nous galaxies (Merritt & Ferrarese 2001), the observedaiucl  [Sesana et all (2007)'s results might still be taken to imply
would have masses that are fractions-04 that of the black  that massive binaries commence their long-term, relamatio
holes. This is somewhat larger than the valligspy’Me ~ 0.1 driven evolution starting from separations somewhat small
in the example of Figure21; on the other hand it is possible than ~ an, as assumed here. However such an effect was
that black holes in faint spheroids carry a larger fractibtie ot apparentin the fully self-consistédtbody simulations of
spheroid mass. The compact nuclei might also form in very|verrit{ (2006). This is probably due to the neglect by Sesana
different ways, e.g. from gas that accumulates at the center et al. of the changes in nuclear structure that accompany bi-
nary formation. Sesana et al. computed the initial poputati
9. ALTERNATE MODELS FOR BINARY EVOLUTION of stars available to undergo reejections by assuming aising

Yu (2002) computed evolutionary tracks for binary black |ar isothermal sphere density profile,d r—2, and counting
holes at the centers of a sample of early-type galaxies forthe number of stars on orbits that intersected the binargnEv
which detailed luminosity profiles were available. Evaduti  if such a steep density profile were present intially, it vabul
beyonda ~ a, was modelled using the second term on the be converted into a core of much lower density by the time
right hand side of equatioh {R7), i.e. thedirected flux of  a = a,, and the number of stars available for the secondary
stars into the binary. The stellar distribution functionsvees- slingshot would be much less than Sesana et al. estimated.
sumed fixed in time; binary-induced changes in the structure In the Fokker-Planck integrations presented here (85), the
of the nucleus were ignored, as were changes in stellargnerg inclusion of the secondary slingshot had almost no effect on
although the time scales associated with both sorts of &ang the long-term behavior af(t).
are comparable to the time scale for loss cone repopulation. [Zier (2006ab) also argued that stars near a binary black
As shown here (Figufe 14), allowing for changes in the struc- hole at the time of its formation could drive the binary to the
ture of the nucleus in a Fokker-Planck model reduces the bi-gravitational radiation regime in a very short time. Zier ig
nary hardening rate by a facter2.YU (2002) concluded that  nored the secondary slingshot, but assumed that a dense clus
binary black holes in spherical galaxies wihs< 90 km st ter of stars would be bound to the binary at the time that its
could coalesce in a Hubble time. This velocity dispersian co separation first reached an. He found that a cluster having
responds to a binary mass-of3.5x 10°M., (eq[3). Yu'scon-  total mass- My, distributed as a steep power-law around the
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binary,p ~ r=Y, y 2 2.5, could extract enough energy from it 0.26x 10°. A new implementation of the Mikkola-Aarseth
via the gravitational slingshot thag, would fall below 13° chain regularization algorithm was used to treat closeaate
yr. While no detailed justification for such dense massive tions involving the black hole particles. The dependence of
clusters was presented, Zier argued that “Low angular mo-the binary’s hardening rate on particle number was quadtifie
mentum matter accumulates in the center” of merging galax-by averaging the results of independent integrations.
ies, and that “Each of the BHs will carry a stellar cusp witha 2. A Fokker-Planck model was developed that includes, for
mass of about its own” after the merger. As noted above, re-the first time, changes in the stellar density and potential d
cent observations do suggest the presence of compact nucldp star-binary interactions. The Fokker-Planck model veas v
at the centers of low-luminosity spheroids. ified by comparison with the averagBidbody integrations.
N-body simulations of Zier's model have yet to be car- 3. Based on the Fokker-Planck integrations and on empir-
ried out, although Milosavijegi& Merritf (2001) did fol- ical scaling relations, binary evolution in real galaxieasw
low the evolution of merging galaxies with initialp ~ shown to take place in the “empty loss cone” (diffusive)
r=2 cusps around each of the black holes, close to theregime for binaries with total mass above abot™M.,. This
value y = 2.5 above which Zier infers rapid coalescence. regime is out of range of particle numbers currently feasibl
Milosavljevic & Merritt (2001) observed a rapid phase of evo- Via directN-body simulation but can be efficiently treated via
lution of the binary, during which the density cusps were de- the Fokker-Planck approximation.
stroyed anch dropped by a factor of a few beloway,. How- 4. Accurate analytical expressions were derived that repro
ever this was still far above the separation at which gravita duce the predictions of the Fokker-Planck model for the time
tional radiation would be efficient. dependence of binary semi-major axis (equafion 39) and the
An early, heuristic model for binary evolution was pre- time to coalescence (equation 55) in the diffusive regime.
sented by Merritt (2000) based on the results of hbody 5. Based on the Fokker-Planck integrations and on em-
experiments that had been carried out up to that date. Thepirical scaling relations, gravitational-radiation cestence
model assumed that the rate of supply of stars to the binarywill occur in 10 Gyr or less for galaxies with binary masses
was determined by local parameters (density, velocityatisp < 2 x 10°M.,, or central velocity dispersionss 80 km s%;
sion) and was independent of the nuclear relaxation time. Th the coalescence time depends only weakly on binary mass ra-
model was able to mimic the binary hardening rates seen intio (Fig.[19). Binaries with masse& 10'M., will remain
someN-body experiments (Quinlan & Hernquist 1997; Chat- stalled for a Hubble time.
terjee, Hernquist & Loeb 2003); when scaled to real galax- 6. A core, or “mass deficit,” is created as a result of compe-
ies, it predicted binary coalescence times that were nearlytition between ejection of stars by the binary and re-supply
independent of galaxy mass. However, thiéody results  depleted orbits via gravitational (star-star) encountéfass
on which the model was based were subsequently called intadeficits as large as 4(M1 + M) were found to be generated
guestion when they could not be reproduced using more ac-before coalescence (FIg.L6,17).
curate integrators (Makino & Funato 2004; Berczik, Merritt 7. After the black holes coalesce, a Bahcall-Wolf cusp
& Spurzem 2005). M. Volonteri and co-authors adopted the forms around the single hole in approximately one relaxatio
Merritl (2000) prescription for binary evolution as a com- time, resulting in a nuclear density profile with a flat core an
ponent of their semi-analytic models of black hole growth aninner, compact cluster (Fig121), similar to what is otsdr

(Volonteri et al. 20038,h, 2005), and their models can there at the centers of low-luminosity spheroids.

fore be expected to substantially over-estimate the rakg-of
nary evolution in galaxies witM, > 10'M.,.

10. SUMMARY
1. Accurate, long-ternN-body integrations of binary su-

This work was supported by grants AST-0206031,
AST-0420920 and AST-0437519 from the NSF, grant

permassive black holes at the centers of realistically @dens NNG04GJ48G from NASA, and grant HST-AR-09519.01-A
galaxy models were carried out using particle numbers up tofrom STScl.
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