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Abstract

A binary supermassive black hole leaves an imprint on a gjalaacleus in the form of a “mass deficit,” a
decrease in the mass of the nucleus due to ejection of statetyinary. The magnitude of the mass deficit
is in principle related to the galaxy’s merger history, the relation has never been quantified. Here, high-
accuracyN-body simulations are used to calibrate this relation. Miegeits are shown to belget =~ 0.5M12,
with M1 the total mass of the binary; the coefficient in this relatimpends only weakly oM,/M; or on
the galaxy’s pre-existing density profile. Hence, aftemergersMqet ~ 0.54. M, with M, the final (current)
black hole mass. When compared with observed mass defldggesult implies I A0 < 3, in accord with
hierarchical galaxy formation models. Implications fondy stalling radii, the origin of hyper-velocity stars,
and the distribution of dark matter at the centers of gataaie discussed.

Subject headings:

1. INTRODUCTION paper.N-body experiments show that the two SBHs substan-

Galaxy mergers bring supermassive black holes (SBHs)t'a”y change the stellar density in a short time, of order th
together [(Begelman, Blandford, & Rees 1980), and binary 9&/@Xy crossing time or lesseforethey form a tightly-bound
SBHs are increasingly invoked to explain the properties P&Ir (€.. Figure 4 of Milosavljevic & Merritt 2001). In othe
of normal and active galaxies (Komossa 2003), including WOrds, by the time that equations liKe (1) ahil (2) start to be-
AGN variability (Valtaoja et al. 2000; Xie 2003), the bengin  come valid, a considerable change has already taken place in
and precession of radio jefs (Roos et al. 1993; Romero et alth€ stellar distribution. Furthermore, in many galaxies-e
2000), X- and Z-shaped radio lobe$ (Merritt & Ekers 2002; lution of the binary would be expected to stall at about the
Gopal-Krishna et al. 2003) and the presence of cores in brigh S&Me time that it becomes hard (Valtonen 1996). Even if the
elliptical galaxies/(Milosavljevic et al. 2002; Graham 200  Mass ejected by the binary before this time could be accu-
Binary SBHs may also be responsible for the high-velocity Fately computed from an equation likel (2), it would still be
stars observed in the halo of the Milky Way (Yu & Tremaine difficult to relateMe;j to observable changes in the nuclear
2003; Haardt et al. 2006), and for other populations that ap-density profile. _
pear to have been ejected from galaxies, including intra- _N-POdy techniques would seem to be the solution to these
cluster planetary nebulae (Holley-Bockelmann et al. 2005) problems, butN-body integrations are p'agu?d by spurious

The dynamical interaction of a massive binary with stars in '€/axation and other discreteness effects, which causenan e
a galactic nucleus is often discussed with reference to rate?€dded binary to continue evolving even in circumstances

equations derived from scattering experiments_(Hills 1983 whecr_e a real binary would stall (Berczik, Merritt & Spurzem
Mikkola & Valtonen 1992f Quinlah 1996). A massive binary 200%). The counterpart of these discreteness effects In rea

hardens at a rate galaxies is two-body relaxation, but — especially in theilum
d /71 Gp nous galaxies that show evidence of the “scouring” effefcds o
iz )= 1) massive binary — central relaxation times are much too long t
dt \a o

significantly affect the supply of stars to the binary/(Yu 2R0

wherea is the binary semi-major axip,ando are the stellar  N-body simulations that are dominated by discretenesstsffec

density and velocity dispersion, ahtdis a dimensionless rate  can not be scaled to the essentially collisionless regimeadf

coefficient that depends on the binary mass ratio, eccémgfric galaxies.

and hardness. The mass in stars ejected by the binary satisfie However, there has been much progress in the attlobdy

dMos simulation in recent years, such that high-accuracy, tirec

—— & — JMyy, (2) summation integrations are now feasible with particle num-
din(1/a) bers as large as §QDorband et gl 2003; Gualandris et al.

whereMi, = My + M, the binary mass, andlis a second  2004; [Fukushige et all_2003; Berczik, Merritt & Spurzem

dimensionless coefficient. Equatiohs$ (1) aibl (2) have beer2005). Given such high values B, it becomes possible to
used to estimate evolution rates of binary SBHs in galactic Séparate the rapid, early phases of binary evolution — which
nuclei (e.g. Volonteri et al. 2003a, b; Sesana et al. 2004)When appropriately normalized, should be independeit of
and to compute the mass in stars ejected from the galaxy by~ from the late, slow stages that are drivenNydependent
the binary (e.g. Holey-Bockelmann et al. 2005; Haardt et Process like collisional loss-cone repopulation.
al. 2006). These equations are also the basis for many hybrid . This is the approach adopted in the present pagesody
schemes which imbed a binary into a model of the host galaxySimulations are used to follow the evolution of a galaxy con-
(Zier & Biermani 2001, Y1 2002; Merritt & Warig 2005). taining a central massive object and a second, inspiralling
Equations[{lL) and{2) are not particularly useful however point mass. The integrations are contm_ued until 'ghe two-mas
when computing the binary-induced change in the distribu- SIV€ particles form a tight binary. The time at which the evo-
tion of stars in a nucleus, which is the topic of the current lution of the binary switches from rapid —i.8l-independent
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—to slow —i.e.N-dependent —is identified, and the properties a ~ a,, whereay, is the semi-major axis of a “hard” binary,
of the galaxy are recorded at that time. The degree to which asometimes defined as

clear separation of the two regimes is possible, for a given Gu

depends on the binary mass ratio, becoming more difficult as anh = 152" (6)

the mass ratio becomes more extreme. Results are presented

here for mass ratios in the rang®25< My/M; < 0.5. If one writesry = GMl/cr2 — equivalent to the definitio}(3)
We find (84) that themass deficit- the difference in inte- in a nucleus wittp ~ r—2_ thenay, can also be written

grated mass between initial and final nuclear density psofile q T

— at the end of the rapid evolutionary phase is proportiamal t =5, (7

the total mass of the binary]ge s =~ 0.5M12, with only a weak (1+q) 4

dependence ohlz/M; or on the initial density profile. This The exact definition of a “hard” binary varies from author to

result can be motivated by simple arguments (82): the smalle author, and this vagueness reflects the difficulty of redgtire

Mz, the tighter the binary which it forms before stalling. evolution of an isolated binary to one embedded in a galaxy.

A mass deficit of~ 0.5M, is at least a factor two  An isolated binary in a fixed background begins to harden at
smaller than the typical mass deficits observed in bright an approximately constant ratg/dt)(1/a) ~ const, when
elliptical galaxies|(Milosavljevic etal. 2002; Graham 200  a < a, (Quinlan[1996). But in a real galaxy, a hard binary
Ferrarese et al. 2006) but we show via an additional set ofwould efficiently eject all stars on intersecting orbitsdats
N-body simulations (85) that the effect of binary SBHs on hardening rate would suddendifop at a ~ a,. This effect
a nucleus issumulative scaling roughly in proportion both  has been observed iN-body experiments with sufficiently
to the number of mergers and to the final mass of the SBH.|argeN (Makino & Funatt 2004; Berczik, Merritt & Spurzém
Hence, observed values Wiye1/M. can be used to constrain  [2005).
the numben( of mergers that have taken place since the era  Supposing that the binary “stalls” at~ ay, it will have
at which the SBHs first formed. We find (86) thattin < 3, given up an energy

consistent with expectations from hierarchical strucfiore GM; M, . GM;M,

mation theory. Finally, in 87 and 88, the implications for AE ~ — (8a)
binary stalling radii, ejection of high-velocity stars,dathe 2rp 2an
SeY S . 1
distribution of dark matter are discussed. ~ — T Mp0? + 2My 502 (8b)
2. STAGES OF BINARY EVOLUTION 2
~ 2M1,0° (8c)

Here we review the stages of binary SBH evolution and dis-
cuss the connection between evolution of a binaryihody to the stars in the nucleus. In other words, the energy trans-
simulations and in real galaxies. ferred from the binary to the stars is roughly proportiomal t

Let M1 andM3 to be the masses of the two components of thecombinednass of the two SBHSs. This result suggests that
the binary, and writéM12 = M1+ My, g= Mz/M1 < 1, and the binary will displace a mass in stars of order its own mass,
M= MiM2/Ms2. In what follows we assume that the larger independent of the mass of the infalling hole. This preditti
SBH is located initially at the center of the galaxy and thatt s verified in theN-body simulations presented below.

smaller SBH spirals in. Since the “hard” binary separatia is ill-defined for bi-
The evolution of the massive binary is customarily divided naries embedded in galaxies, we define here a more useful
into three phases. quantity. Thestalling radius a4 is defined as the separation

1. At early times, the orbit of the smaller SBH decays due at which evolution of the binary would hatt(1/a)/dt=0, in
to dynamical friction from the stars. This phase ends whenthe absence of any mechanism to re-supply the stellar orbits
the separatioR;» between the two SBHs is ry,, the gravita- For instance, if the galaxy potential were completely srhpot
tional influence radius of the larger hole. We defipén the the binary’s decay would halt once all the stars on orbits in-
usual way as the radius of a sphere arolhidhat encloses a  tersecting the binary had been ejected or otherwise (eg. du
stellar mass of ®l;: to shrinkage of the binary) stopped interacting with it. The

_ motivation for this definition is the very long time scales, i

M*(rh) = 2Mjy. (3) | . L. . . .
uminous elliptical galaxies, for orbital re-population two-

2. When Ry falls below ~ ry, the two SBHs form a  pody encounters. Even in galaxies with relatively shortcen
bound pair. The separation between the two SBHs dropstrg| relaxation times, the binary’s hardening rate wouldpdr
rapidly in this phase, due both to dynamical friction act- grastically at = a4 and the likelihood of finding the binary
ing on M», and later to ejection of stars by the binary at a separation neag would be high.
(Milosavljevic & Merritt 2(_)01). Thg motion of thg sm.aller. This definition implies a dependence @f,; on the mass
SBH around the larger is approximately Keplerian in this ratio of the binary, but (unlike Equatidn 6) it also implies a
phase; we denote the semi-major axisabpnd the eccen-  dependence on the initial density profile and shape (spderic

tricity by e. The relative velocity of the two SBHs f@=0  axjsymmetric, triaxial) of the galaxy, since these factomsy
1S influence the mass in stars that can interact with the binary.
Ve — | CM2 (4)  Thedefinition is operational: it can only be applied by “dpin
bin a the experiment,”i.e. imbedding the binary in a galaxy model
and the binarv’'s eneray is turning off gravitational perturbations (aside from thake
y 9y G to the binary itself), and observing when the decay halts.
- _ MiM2 In a numerical simulation with finit&, gravitational en-
E : (5) \ : \ :
2a counters will continue supplying stars to the binary atgate

3. The rapid phase of binary evolution comes to an end much higher than those in real galaxies. One can still esti-
when the binary’s binding energy reache#;,02, i.e. when mateagy if the particle number is large enough that a clear
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TABLE 1 generated from the unique isotropic phase-space distibut
PARAMETERS OF THEN-BODY INTEGRATIONS function that reproduces Dehnep§’) in the combined grav-
itational potential of the stars and the central point mase
second SBH was introduced into this modeltat 0, and

Yy  Mp/Mg Th rﬁ Bstall astall /T, Mdet/M12 : . X . ;
05 05 0264 037 149x 102 408x 102 0.60 given a velocity roughly 12 of the circular orbital velocity.
05 025 0264 032 118x102 3.69x10°2 0.46 In the models withy = 0.5 andy = 1.0, the initial separa-
05 01 0264 Q30 538x103 1.82x1072 0.33 tion of the two massive particles wass1 while in the mod-
05 005 0264 029 360x103 126x10°72 0.27 els withy = 1.5 the initial separation was.®. Each realiza-
05 0025 0264 028 191x10° 6.82x10° 0.24 tion was then integrated forward using tNebody integrator

described in_Merritt, Mikkola & Szell (2005), an adaptation

—3 2 s L i

L0 05 0165 024 775x10°0 3.23x10° 062 of NBODY1 [Aarseth [(1999) to the GRAPE-6 special-purpose
10 025 0165 022 483x10° 225x10° 0.54 . .
10 01 0165 Q19 237x103 123x102 045 computer. Close encounters between the two SBH patrticles,
1.0 005 0165 Q19 136x103 7.27x10°3 0.39 and between the SBHs and stars, were regularized using the
1.0 0025 Q165 Q18 621x10% 336x10°3 0.34 algorithm of Mikkola and Aarseth (Mikkola & Aarseth 1990,

1993).

—3 2 . . ..

ig 00-255 38;32 81? iigx 1873 %;X igz 8422 Three parameters suffice to define the initial models: the
. - XL T : binary mass rati@, the central density slope of the Dehnen
15 01 00795 010 126x103 129x10° 0.41 delv = —d| dl d th ber of particley
15 005 00795 010 778x10°% 819x10°% 038 modely = —dlogp/dlogr, and the number of particle.
15 0025 Q0795 009 460x104 484x10-3 0.39 Five values of the binary mass ratio were considergd:

(0.5,0.25,0.1,0.05,0.025). For each choice o, three val-
ues ofy were used: ®,1.0, and 15. Finally, each of these
change takes place in the hardening rate at some valae of 15 initial models was integrated with two different valuds o
Better still, by repeating the experiment with differentues  N: 1.2 x 10° and 20 x 10°. Mass deficits were computed as
of N, one can hope to show that the rapid evolutionary phasedescribed in Paper I.
comes to an end at a well-defined time and that subsequent The parameters of tHé-body integrations are summarized
evolution occurs at a rate that is a decreasing functidx. of in Table 1. Columns three and four give two different esti-

One advantage of definirag in this operational way is  mates of the binary’s influence radius. The finst, is the
that it eliminates the need for many of the qualitative disti radius containing a mass in stars equal to twitge in the
tions that have been made in the past between the differentnitial model. The second is the radius containing a mass
regimes of binary evolution, e.g. “soft binaries” vs. “hdniel in stars equal to twicé; + M, at a timet = tg, the esti-
naries,” hardening via “dynamical friction” vs. hardenivig ~ mated stalling time. The second definitiofy, is the relevant
“loss-cone draining,” etcl (Yu 2002). It also allows for hec  one when comparing the results of tNebody integrations
anisms that are not reproduced in the scattering experimentto a real galaxy which has already experienced the scouring
on which Equations (1) and (2) are based, e.g. the “secondaryffects of a binary SBH. The other columns in Table 1 give
slingshot” (Milosavljevic & Meritt 2003), or the effect ohé estimates of the stalling radiaga; = a(tstan) and the mass
ghanging nuclear density on the rate of supply of stars to thedeﬁcithef(tSta”), derived as described below.

inary.

It would seem natural to compuig, using so-called
“collisionless” N-body codes that approximate the gravita-
tional potential via smooth basis functions_(Clutton-B¢oc 4. RESULTS
1973 van Albada & van Gorkom 1977; Hernquist & Ostriker  Figure[] illustrates the evolution of the relative orbit et
1992). Such algorithms have in fact been applied to the binar five integrations witty= 1.5 andN = 200K. The three phases
SBH problemi(Quinlan & Hernquist 1997; Hemsendorf et al. discussed above are evident. (1) The separ&ierbetween
2002;| Chatterjee et &l. 2003) but with results that are not al the two massive particles gradually decreases as dynamical
ways consistent with those of direct-summation codes dr wit friction extracts angular momentum from the orbit\d$. (2)
the predictions of loss-cone theory (compare Chatterjee;H  WhenRy» ~ rp, the rapid phase of binary evolution begins.
quist & Loeb 2003 with Berczik, Merritt & Spurzem 2005). (3) When the separation drops-tcap, evolution again slows.
These inconsistencies may be due to difficulties aSSOCiated:igureD_ shows clearly that the separation of the two massive
with incorporating a binary into a collisionless code, agui particles at the start of the final phase is smaller for smalle
ties about the best choice of origin for the potential expams M.
etc. Until these issues can be resolved, direct-summaétion Figure[1 suggests that the stalling radius is of oajgbut
body codes seem a safer choice. better estimates dstai can be made by comparing integra-
tions of the same model carried out with differévit Fig-

3. MODELS AND METHODS ure[2 makes the comparison for the model wjts 1.0 and

The galaxy models anl-body techniques used here are q= 0.1. After ~ 15 orbits, the mean separation between the
similar to those describedlin Merritt & Szell (2005) (heteaf  two massive particles has dropped freni to~ 0.2 ~ r, and
Paper 1). In brief, Monte-Carlo realizations of steadytesta the second, rapid phase of binary hardening begins. Prior to
spherical galaxy models were constructed using Dehnen’sthis time, the two integrations with differeNtfind essentially
(1993) density law. The models contained an additionak, cen identical evolution oRy». As discussed above, the evolution
tral point mass representing the more massive of the twoduring this phase is due to some combination of dynamical
SBHs. The mass of this particlél;, was always sett0.01 in friction acting onM2 and ejection of stars by the increasingly-
units where the total mass in staigy was one. (The Dehnen  hard binary, both of which ar-independent processes. The
scale lengthip and the gravitational consta@tare also setto  contribution of dynamical friction to the evolution can be e
unity in what follows.) Stellar positions and velocitiesnee  timated using Chandrasekhar’s (1943) expression for the dy
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FiIG. 1.— Evolution of the binary separation in fivd-body integra- ~
tions withy = 1.5 andN = 200K; binary mass ratios are, from left to right, 3ol 1
0.5,0.25,0.1,0.05,0.025. Vertical lines show the times identifiedtas tgt5). = P —
The upper horizontal line indicates, the influence radius of the more mas- L 0% i
sive hole in the initial model. Lower horizontal lines shewas defined in L ]
Equation[(¥). The rapid phase of decay continues antila,,, with the result i . |
that the binary’s binding energy at the end of this phaseaslpédependent
of M. o 0o 5 Oo' e° i
. . O §© 890.0 —
namical friction force: AR
© Vi 2 0 50 100 150 200
2
(Bv)) = —4nanGMap) [ dve (1) fi(ve)Ha(v.vi(a)
t
Hy — InA !f vV > Vi, (9b) FiG. 2.— Upper panel: Thick (black) line shows evolution of the binary
0 ifv<uvs. separation in th&l-body integration withy= 1.0, M2/M1 = 0.1, N = 200K.

o ) ) ] ) ] Thin (red) line is the evolution predicted by the dynamigation equation
This is the standard approximation in whichAris “taken (@) assuming a fixed galaxy. Horizontal lines indicetenda, the latter as

out of the integral’, v i the velocity of the massive object, feeq ) ERAtr) The et hows e Silitn ot e serh
Ve IS _the Ye'QC'tY of a field _Star' anék ,(Vf) is the field-star N:JlZOK.Lower pane)I/:The mass d%ficit, és defined in the te?(t, for the same
velocity distribution, normalized to unit total number aast two N-body integrations. Lines show least-squares fits to the tittervals
sumed fixed in time. The result of integrating equatign (9), 80<t <110 and 116t < 200. )
with InA = 5.7, is shown in the upper panel of Figlife 2 as  In order to make still more accurate estimatess@fi and
the red (thin) line. Chandrasekhar’s formula accuratgyse  astall, the hardening rate,
duces the evolution of the relative orbit until a titre 80, af- d /1
ter which it predicts that the separation should drop to aéeo s(t) = at ( ) ;
finite time. However as shown in the lower panel of Fiddre 2, t
by t = 80 — roughly at the start of the second evolutionary was estimated from th&l-body data by fitting smoothing
phase — the infall oM, has begun to displace stars and lower splines to the measured valuesaf* vs. t and differenti-
the central density, and the dynamical friction force muspd  ating. In a collisionless galaxg(t) would reach a peak value
below the value predicted by equatiéh (9) with fixedndf;. during the rapid phase of binary evolution, then drop rapidl
The inset in Figur€l2 shows the inverse semi-major axis of to zero as the stars on intersecting orbits are ejected by the
the binary, Ya, versus time in the two integrations of this binary;ts would be the time at whick= 0. In theN-body
model with differentN. The two curves are coincident un- integrationss will never fall completely to zero since gravi-
til a =~ a, but diverge at later times. This is the expected tational encounters continue to scatter stars into theryima
result (Berczik, Merritt & Spurzem 2005): once the hard bi- loss cone.
nary has ejected most of the stars on intersecting orbits, co  Figure[3 shows(t) as extracted from thN-body integra-
tinued hardening requires orbital repopulation which escu tions withy = 0.5. In each casesreaches a peak value during
on a time scale that is roughly proportionalXb The dif- the rapid phase of evolution and then declines. In the mod-
ference between the two integrations is also apparent in thesls with largesiM,, loss-cone repopulation is least efficient,
lower panel of FigurEl2, which shows mass deficits in the two and the hardening rates in the two integrations with differe
integrations. Based on this comparison, the stalling sadiu N “track” each other well past the peak. My is decreased,
the value ofa at which the evolution ceases to be independentloss cone repopulation becomes more efficient and the two
of particle number — i) = a(t ~ 110) = 2 x 103, and the s(t) curves deviate from each other at progressively earlier
mass deficit whea = agg) IS Mges ~ 0.5M;. times with respect to the peak.

a (10)
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FiG. 3.— Evolution of the binary hardening rase= (d/dt)(1/a) in N- = o o
body integrations withy = 0.5; binary mass ratios are, from left to right, ~
0.5,0.25,0.1,0.05,0.025. Solid curves are fdd = 200K and dashed curves 3 o
are forN = 120K. Vertical solid lines are the estimatestgfy. Nearly- = o
vertical dashed lines show the approximate, asymptotiabehofs(t) in a o
purely collisionless galaxy, assumitigy,) = (40,50,60).
Even in the absence of loss cone repopulation, a binary in a 0.2 r
collisionless galaxy would continue to evolve at late timass L L
stars with progressively longer orbital periods reachqeeri 1 0.1 0.01
ter and interact with it. The asymptotic behaviorsdf) in a
spherical non-evolving galaxy in the absence of encouigers M,/M,
roughly FIG. 4.— Stalling radius (a) and mass deficit at ts (b) as functions of

d /1 the binary mass ratio. Curve in (a) is Equation (12); curvéojnis Equation
t) = <_> ~ 16mPK / fn(E)dE ay @
a ues. For instance, Figuré 2 shows that the mass deficit in the
where fn(E) is the phase-space mass density of starskand N = 20K integration of the = 1.0,q = 0.1) model varies
is a constant that defines the mean, dimensionless change afnly between 50 < Mger/M1 < 0.65 for 110< t < 140. In-
energy of the binary in one interaction with a star/(Yu 2002). tegrations with largeN will ultimately be required in order to
Equation [(IIL) equates the rate of change of the binary’s enimprove on these estimates.
ergy with the rate at which stars, moving along their unper-  The results are presented in Table 1 and Figlire 4. The upper
turbed orbits, enter the binary’s influence sphere and eixtra panel of Figuré 4 showay as a fraction of{, the binary’s
energy from it. Depopulation of the orbits as stars are efect influence radius (the radius containing a mass in stars ¢gual
is represented by progressively restricting the rangeeéti M3 + M) attga. The measured points are compared with
ergy integral; the lowest allowed energy at any tims that astall q
corresponding to an orbit with radial peri®{E) =t. Fol- & =02 5 (12)
lowing [YU (2002), we seK = 1.6, the approximate value Th (1+0)
for a “hard” binary, and assume that the integration starts a thjs functional form was motivated by Equatidd (7). Given
a= an. Figure[3 compares the solution to Equation (11) with the likely uncertainties in the estimateg values, Figurgl4
theN-body hardening rates foy & 0.5, = 0.5). Clearly, the  syggests that there is no significant dependencagf/r/,
“draining” of long-period orbits contributes only minintal  on the initial nuclear density profile. This result will beegs
to the late evolution seen in thé-body integrations, i.e. the  pelow to estimate stalling radii in observed galaxies.

evolution in phase three is driven almost entirely by lossec The lower panel of Figurig 4 shows mass deficits-atz
repopulation. o ) as a fraction oMj. The line in this figure is

Plots like those in Figurel 3 were used to estintatg for
each ¢,M2/M1). Unavoidably, these estimates are somewhat Mdef — 0.700°2 (13)
subjective. For the larger values b, tsa Was taken to be M1o ’ '

the time when the(t) curves for the two differeni-values
begin to separate. For the integrations with smaWer col-
lisional effects are more important, and the t() curves
separate even before the peak value is reached. In these int
grationstsia) was taken to be the time at whisft) in theN =
200K integration reached its first minimum after the peak.
These estimatetly values are likely to be systematically
larger than the true values in a collisionless galaxy. Havev
the uncertainties in the estimated valueagfy = a(tsta1) and Mgeft

Mgef(tstanl) are probably modest, at least for the lariyrval- 045 M1 + My 506, 00550505 (14)

This relation is a good fit to the= 1.0 andy = 1.5 models,
though it overestimate®lyet for y = 0.5. In any case, the
dependence d¥lye s On binary mass ratio is weak, consistent
Svith the prediction made above.

In galaxies with initially steep nuclear density profiles,
p~r7Y, L0 y<S 1.5, Figurdd suggests that mass deficits
generated by “stalled” binaries should lie in the narrowgean
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FIG. 5.— Density profiles at = tgg. Thickness of curves decreases frgm 0.5 to g = 0.025. Dotted lines are the initial density profiles.

To a good approximatioMge = 0.5M,. TABLE 2
Density profiles at = tsg are shown in Figurgl5. It is in- MULTI-STAGE N-BODY INTEGRATIONS
teresting that none of the profiles exhibits the very flatyiyea

i i i inti ; Mz & M, Mdef  Mdef/Me  Mgef/(A M)
constant denS|ty.cores seen in some bright elllptlcal geakax TOOET— 015000095 AL el
(Kormendy 1985; Lauer et al. 2002; Ferrarese et al. 2006). 5> 00200 0024 120 060
3 00250 0041 164 055
5. MULTI-STAGE MERGERS 4 00300 0057 190 048
initi i B} 0.0025 1 00125 00070 056 056
. The weak dependence bfye/Mi2 on mmal d_enslty .p_ro 5 00150 0017 113 057
file and ong found above has an obvious implication: in re- 3 00175 0027 154 051
peated mergers, mass deficits should increase cumulatively 4 00200 0035 175 044
even if expressed as a multiple bf,, the combined mass
of the two SBHs at the end of each merger. If the stellar 00010 1 00110 0% oo o
mass displaced in a single mergeri€.5M1,, then (assum- 3 00130 0014 110 Q37
ing that the two SBHs always coalesce before the next SBH 4 00140 0018 129 032
falls in) the mass deficit following( mergers withM, < M1
is ~ 0.5 M, with M, the accumulated mass of the SBH. linearly with bothay andM, for smalla.
'Equation [(IB) could be used to derive a more precise pre- Of course, these results are only meaningful under the as-
diction for the dependence of the mass deficitaon But di- sumption that the binary manages to coalesce between succes

rect simulation is a better approach. To this end, multista  sive merger events. Infall of a SBH into a nucleus containing
N-body integrations were carried out. The starting point for an uncoalesced binary would almost certainly resulaiger
each set of integrations was one of the- 1.5, M; = 0.01 values ofMge/M. than those given in Table 2, for reasons
N-body models described above, extractet attsy . The discussed below.

two massive particles were replaced by a single particle wit

mass equal to their combined mass, and with position and 6. COMPARISON WITH OBSERVED MASS DEFICITS

velocity equal to the center-of-mass values for the binary. Mass deficits, computed from observed luminosity pro-
A second massive particle, with mass equal to the originalfiles, have been published for a number of “core” galaxies
value of M, was then added and the model integrated for- (Milosavijevic et al. [ 2002;| Ravindranath, Ho & Filippenko
ward until the new stalling radius was reached. The process2002; Graham 2004; Ferrarese efal. 2006). As first empha-
was then repeated. In each set of experiments, the Mass  sized by Milosavljevic et al (2002), computiMyer is prob-

of the second SBH particle was kept fixed; in other words, lematic due to the unknown form of the galaxy’s luminosity
M., the accumulated central mass, increased linearly withprofile before it was modified by the binary. Gralam (2004)
the number( of mergers, while the binary mass ratio de- noted that Sersic’s law provides the best global it to the4um
creased withw . Three different values oM, were tried:  nosity profiles of early-type galaxies and bulges and pregos

Mz = (0.0050.0025 0.001). that mass deficits be defined in terms of the deviation of the
Figure[6 and Table 2 give the results. The cumulative ef- inner profile from the best-fitting Sersic law. This proceslur
fect of multiple mergers is clear from the figurtéger/Me was followed also by Ferrarese et al. (2006) in their study of

increases roughly linearly with( for the first few mergers, Virgo galaxies using HST/ACS data.
reaching values of- 1 for of =2 and~ 1.5 for o/ = 3. For Figure[7 summarizes the results from the Graham (2004)
largeral and for smalleMy, the increase d¥lge /M. With A and | Ferrarese etlal. (2006) studies. Mass deficits from

beginsto drop below alinear relation. That this should his so |Graham|(2004) were increased by ®2 in the logarithm to
clear from the results of the single-stage mergers (Figlure 4 correct an error in the mass-to-light ratios (A. Graham, pri
Nevertheless, Figullg 6 verifies that (at leastdge 0.1) hi- vate communication). _Graham (2004) gives two estimates
erarchical mergers produce mass deficits that scale roughhof M, for each galaxy, based on the empirical correlation
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with concentration parameter (Graham et al. 2001) and on theor more of the SBHs could eventually be ejected by the grav-
Gebhardt et al.| (2000) version of thd, — o relation. We itational slingshot! (Mikkola & Valtonenh 1990); and to large
recomputed SBH masses for Graham’s galaxies using thevalues ofMqef, Since multiple SBHs are more efficient than
most current version of thd, — o relation (Ferrarese & Fard  a binary at displacing stars (Merritt et al. 2004b). (The for
2005).| Ferrarese etlal. (2006) compubdg for their sample ~ mer point is only relevant to galaxies — unlike NGC 5903 —
galaxies in the same way; we have replatédfor three of for whichM, has actually been measured.) The chaotic inter-
their galaxies (NGC4486, NGC4374, NGC4649) with values action between three SBHs would probably also assist in the
derived from detailed kinematical modelling (Macchettakt  gravitational wave coalescence of the two most massiveshole
1997; Bower et al. 1998; Gebhardt et/al. 2003). One “core” by inducing random changes in their relative orbit (Blaesl et
galaxy from| Ferrarese etlal. (2006) — NGC 798 — was ex-12002). (d) The gravitational-wave rocket effect is beltve

cluded since it contains a large-scale stellar disk. capable of delivering kicks to a coalescing binary as large
The histogram oMgef/M, values is shown in Figuig 7b. as~ 200 km s (Favata et al. 2004; Blanchet et al. 2005;
There is a clear peak Mgef/Me = 1. Herrmann et al. 2006; Baker et al. 2006). The stellar density

Sersic’s law — which describes the projected, or surface,drops impulsively when the SBH is kicked out, and again
luminosity density of early-type galaxies — impliesspace when its orbit decays via dynamical friction. Mass deficits
density that varies ag(r) ~ r—Y at small radii, wherey ~ produced in this way can be as large-ad/, (Merritt et al.
(n—1)/n andn is the Sersic index. The galaxies plotted in [2004a; Boylan-Kolchin et al. 2004). (e) Stars bound to the
Figure[7 haven 2 5, hence B <y < 1.0; in other words, infalling SBH — which were neglected in thé-body simu-
the mass deficits for these galaxies were computed under théations presented here — might affédfes, although it is not
assumption that the pre-existing nuclear density was a powe clear what the direction or magnitude of the change would be.
law with ya 1. This is approximately the same inner depen- Focussing again on the majority of galaxies in Figure 7
dence as in ouy = 1 Dehnen-model galaxies. While the cu- with 0.5 < Mget/Me < 1.5, we can ask whether values of
mulativeN-body mass deficits shown in Figure 6 and Table 2 s/ in the range 1< ¢ < 3 are consistent with hierarchi-
were based on initial models with= 1.5, Figurel4 suggests cal models of galaxy formation. If the seeds of the cur-
that the results would have been almost identical/ferl, at rent SBHs were present at large redshift, the ancestry of
least during the first few stages of the merger hierarchy. a bright galaxy could include dozens of mergers involv-

Comparing Figure§16 arld 7, we therefore conclude thating binary SBHs[(Volonteri et al. 2003a; Sesana &t al. 2004).
most “core” galaxies have experiencedln < 3 mergers  However the more relevant quantity is probably the num-
(i.e. 055 Mget/Me < 1.5), with A0 = 2 the most common  ber of mergers since the era at which most of the gas was
value. depleted, since star formation from ambient gas could re-

A few galaxies in Figure[l7 have significantly larger generate a density cusp after its destruction by a binary SBH
mass deficits; the most extreme object is NGC 5903 with (Graharit 2004). Haehnelt & Kauffmarin (2002) calculate just
Mget/Ms ~ 4.5. Of course the uncertaintities associated this quantity, based on semi-analytic models for galaxygner
with the Mger and M, values in Figurdl7 may be large; ers that include prescriptions for star- and SBH-formation
the former due to uncertaill /L corrections, the latter due  Their Figure 2 shows probability distributions fo¢ as a
to various difficulties associated with SBH mass estimation function of galaxy luminosity for mergers wittp> 0.3. For
(e.g. Maciejewski & Binney 2001; Valluri, Merritt & Em-  galaxies like those in Figuid My < —21,Mg < — 20),
sellem 2004). In the case of NGC 5903, for whith Haehnelt & Kauffmann(2002) find a mediaqg of ~ 1, but
was computed from th#l, — o relation, we note that pub-  particularly among the brightest galaxies, they find that va
lished velocity dispersions for this galaxy range from 182 k  ues ofa( as large as 3 or 4 are also likely. This prediction is
s ! (Smith et al [ 2000) to 245 kms$ (Davies etall 1987);  consistent with Figurgl7.
the corresponding range in the inferred black hole mass is Probably the biggest uncertainty in this analysis is the un-
1.36x 10° < M, /M., < 4.45x 1P and the range iMgef/M. known behavior of the binary after it reaches aga) and be-
is 1.9 < Mget/M. < 6.2. Even ifo were known precisely,  fore the next SBH falls in. If mergers are “dry,” gas-dynaatic
there will always be a substantial uncertainty associatéid w  torques can not be invoked to accelerate the coalescence, im
anyM, value derived from an empirical scaling relation. plying a complicated interaction between three SBHs when

But assuming for the moment that the numbers plot- the next merger event occurs. As discussed above, the net ef-
ted in FigurelVV are accurate, how might the galaxies with fect would be an increase Mget/M.. On the other hand, if
Mdet/Me > 2 be explained? There are several possibilities. gasis present in sufficient quantities to assist in coalescence,
(a) These galaxies are the productygf= 4 mergers. Two it may also form new stars — decreasiMg. s — and/or accrete
of the largesMqe /M, values in Figur€]7 are associated with onto the SBH — increasing.,; in either caseMge /M. would
M87 and M49, both extremely luminous galaxies that could be smaller than computed here.
have experienced multiple mergers. However, Fiflire 6 sug-
gests thaMge /M, values 2 3 might be difficult to produce 7. STALLED BINARY SEPARATIONS
via repeated mergers. (b) The primordial density profiles in  Equation [(IR) gives an estimate for the stalling radius of
these galaxies were flatter than Sersic’s law at small radii.a binary SBH in terms of its influence radigg the latter
(c) The two SBHs failed to efficiently coalesce during one or is defined as the radius of a sphere containing a stellar mass
more of the merger events, so that a binary was present whemqual to twiceM, = M1 + My, after the binary has reached
a third SBH fell in. Indeed this is likely to be the case in the asta, i.€. after it has finished modifying the stellar density
largest (lowest density) galaxies in Figlite 7, which hattkeli  profile. One can use Equatidn {12) to estimate binary separa-
gas and extremely long timescales for loss-cone repopulati tions in galaxies wherbl, andp(r) are known, under the as-
by two-body relaxation. Infall of a third SBH onto an uncoa- sumption (discussed in more detail below) that no additiona
lesced binary is conducive to smaller valuedviqf since one  mechanism has induced the binary to evolve beyagsg).

Table 3 gives the results for the seven Virgo “core” galax-
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TABLE 3
VIRGO “CORE’ GALAXIES

in Galaxies 9
asta) depend on geometry? (b) If a binary continues to harden
belowag ), what would be the effect oélget?

The answer to the latter question is complex. Con-

Sidera-gataxy containing a stalled binary, and suppose that
Some geghanism — gravitational encounters, time-depénden
tegues fepm a passing galaxy, perturbations from a third

1I8BH, répr star formation, etc. — has the net effect of plac-
189 additignal stars on orbits that intersect the binaryesgh

e ejected, and the binary will shrink. However
mbezre reesl not be any net change in the mass deficit, since
He neWSfars are first added, then subtracted, from thearucle
]Tjgﬂcit\ﬁzigncond-order changespimue to the time depen-

Astall Astall
Galaxy Br M, m q=05 q=0.1 Ve q=0MeE
) @ © 4) (5) (6) ()
NGC 4472 -21.8 D4 130(16) 560070 21(0.026) 562
NGC 4486 -21.5 35 460 (57) 20 (0.25 7.6(0.095 733.
NGC4649 -21.3 2@ 230(29) 10 (0.13) 3.8(0.047) 776.
NGC 4406 -21.0 &4 90 (11) 4.0(0.050 15(0.019 590. I9HS Wl
NGC4374 -20.8 1D 170(21) 7.6(0.094) 2.8(0.035 832.
NGC 4365 -20.6 42 115(1.4) 5.0(0.063) 1.9(0.023 533.
NGC4552 -20.3 @5 73(0.91) 32(0.040 1.2(0.015 757.
Notes. — Col. (1): New General Catalog (NGC) numbers. C9l.ABsolute

B-band galaxy magnitudes. Col. (3): Black hole masses fiML0 Col.
(4): Black hole influence radii, defined as the radii contagna mass in stars
equal to M,, in pc (arcsec). Col. (5): Binary stalling radii fgr= 0.5, in pc
(arcsec). Col. (6): Binary stalling radii far= 0.1, in pc (arcsec). Col. (7):
Typical ejection velocity from a binary SBH with= agay (km s1). Cols.
(8), (9): Escape velocity (km$).

ies shown in Figurgl7. Influence radii were computed using

parametric (“core-Sersic”) fits to the luminosity profiles
described in_Ferrarese et al. (2006); that paper also dgines t
algorithm which was used for converting luminosity demsiti
into mass densities. When discussing real galaxjes, just
the currently-observed influence radiysand henceforth the
prime is dropped.

Stalling radii are given in Table 3 assumingg= 0.5 and
g = 0.1; agq) for other values ofj can be computed from
Equation[(IR). Table 3 also gives angular sizes of the kesari
assuming a distance to Virgo of 16.52 Mpc. Typical sepa-

rations between components in a stalled binary are found toy,

be ~ 10 pc(0.1”) (q = 0.5) and~ 3 pc (0.03") (q = 0.1).

Of course these numbers should be interpreted as upper lim-

its; nevertheless they are large enough to suggest thatybina
SBHs might be resolvable in the brighter Virgo galaxies if
both SBHs are luminous.

8. DISCUSSION

dence of the gravitational potential are being ignored.)sTh
argument suggests that the good correlation found here (Fig
ure[4) betweens andMges Need not apply more generally,
in time-dependent or non-spherical situations.

An example of the latter is a binary embedded in a triax-
ial galaxy which contains centrophilic (box or chaotic) or-
bits. The mass in stars on centrophilic orbits can be extyeme
large,>> M,, in a triaxial galaxy, although many orbital pe-
riods will generally be required before any given star passe
near enough to the binary to interact withlit (Merritt & Pbon
2004; Holley-Bockelmann & Sigurdsson 2006). Nevertheless
the binary need not stall (Berczik etlal. 2006). Self-caesit
calculations of the effect of a binary on the nuclear density
profile have not been carried out in the triaxial geometry, bu
itis clear that mass deficits might be smaller than in the sphe
ical geometry since some stars ejected by the binary will be
on orbits with very largeX r,) characteristic radii.

The influence of different geometries afy) andMge ¢ will
e investigated in future papers.

8.2. Mass Deficits and Core Radio Power

An  intriguing  relation was  discovered by
Balmaverde & Capetti | (2006) and__Capetti & Balmaverde
(2006) between the radio and morphological properties of
active galaxies. Radio-loud AGN — active nuclei with a large
ratio of radio to optical or radio to X-ray luminosities — are
uniquelyassociated with “core” galaxies. In fact, the slope
of the inner brightness profile appears to bedhdy quantity

We have shown that the mass deficit produced by a binarythat reliably predicts whether an AGN is radio-loud or

SBH at the center of a spherical galaxy is “quantized” insinit  radjo-quiet.| Capetti & Balmaverdé (2006) also showed that
of ~ 0.5(M1 + M), with only a weak dependence on binary \nen the radio-loud and radio-quiet galaxies are consitlere

mass ratio, and tha¥lger/M. grows approximately linearly  separately, there is no dependence of radio loudness on the
with the number of merger events. These results were comyyclear density profile within either class. In other words,

pared with observed mass deficits to conclude that mosttbrighne fact that an active galaxy is morphologically a “core”

elliptical galaxies have experienced-13 mergers since the

galaxy predicts that it will be radio-loud but does not potdi

era at which gas was depleted and/or star formation becameyow loud. While the origin of this connection is unclear, it

inefficient.
In this section, we explore some further implications of the
N-body results, and discuss their generality.

8.1. Loss-Cone Refilling and Non-Spherical Geometries

might reflect the influence of SBH rotation on radio power
(Wilson & Colbert 1995): “core” galaxies have experienced
a recent merger, and coalescence of the two SBHs resulted in
a rapidly-spinning remnant.

Two results from theN-body work presented here may

The approach adopted in this paper was motivated by thebe relevant to the Capetti & Balmaverde correlation. First,
fact that mass deficits, or cores, are only observed at the cenas shown above, the mass deficit is a weak function of the

ters of galaxies with very long relaxation times. In suclagal
ies, collisional repopulation of orbits depleted by theanin
would act too slowly to significantly influence the binary’s
evolution (Valtonen 1996), and the binary would stop evolv-
ing once it had interacted with all stars on intersectingterb
But even in the completely collisionless case, evolutiothef
binary, and its effect on the local distribution of starsulcb
be different in nonspherical (axisymmetric, triaxial) .ge-

mass ratio of the binary that produced it, i.e., the shape
of the nuclear density profile is poorly correlated with the
mass of the infalling hole. Since the degree of spin-up
is also weakly correlated wittM,/M; (Wilson & Colbert
1995; | Merritt & Ekers| 2002; Hughes & Blandford 2003) —
even very small infalling holes can spin up the larger hole
to near-maximal spins — it follows that SBH rotation should
be poorly correlated with mass deficit. This may explain the

ometries. There are really two questions here: (a) How doesweak dependence of radio loudness on profile slope found by
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Capetti & Balmaverde (2006) for the core galaxies. value ofM,. Ejection velocities are seen to be much smaller
Second, as argued above, core galaxies may contain uncodhan \scin all cases, implying that essentially no stars would

lesced binaries. Perhaps the presence of a second SBH is thee ejected into the intracluster medium.

main factor that determines radio loudness.

8.4. Dark-Matter Cores

The specific energy change of a dark matter particle inter-
acting with a binary SBH is identical to that of a star. At leas
in the case of bright elliptical galaxies like those in TaBJét
is unlikely that dark matter was ever a dominant component
near the center or that it significantly influenced the evolu-
tion of the binary. But ejection of dark matter particles by a
massive binary would produce a core in the dark matter distri

8.3. High-Velocity Stars

Gravitational slingshot ejections by a binary SBH produce
a population of high-velocity stars with trajectories died
away from the center of the galaxy. A few hyper-velocitystar
have been detected in the halo of the Milky Way (Brown ét al.
2005%; | Hirsch et al. 2005; Brown etlal. 2006), and a binary
SBH at the Galactic center is a possible model for their ori-
gin. The short nuclear relaxation time would accelerate the, i similar in size to the luminous-matter COMgye ~ .

hardening of a massive binary by\ensurlng that_ _stari WETEA more definite statement about the variation with radius of
scattered into its sphere of influence (Yu & Tremzine 2003). pom/p. near the center of a galaxy containing a binary SBH
Gis probably impossible to make withobkbody simulations
hat contain all three components. However Table 3 suggests
ark matter core radii of hundreds of parsecs in bright#lip
cal galaxies.
It follows that the rates of self-interaction of supersyntme
ric particles at the centers of galaxies like M87 (Baltz et al
2000) would be much lower than computed under the assump-
tion that the dark matter still retains its “primordial” dety
profile (Navarro et al. 1996; Moore et/al. 1998). This fact has
implications for so-called “indirect” dark matter searshi
which inferences are drawn about the properties of particle
dark matter based on measurements of its self-annihilation
products |(Bertone et gl. 2004). One of the proposed search

. . . strategies is to identify a component of the diffuse gamma-
pelling reason to assume that the binary SBHs in these galax—ray background that is generated by dark matter annhila-

ies would have continued interacting with stars beyaggh. tions in halos at all redshifts (Ullio et al. 2002; Taylor &li&i
At these separations, velocities between the two compenentzoo:;)' Calculations of the background flux (Ahdo 2005:

of the binary are relatively modest, implying a much lower [Esz5ser & Mannheim 2005) have so far always assumed that
probability of ejection of stars at velocities large enough o gark matter distribution does not change with time. &inc
escape the galaxy. the annihilation flux in a smooth dark matter halo is dom-

The mean specific energy change of a star that interacts with 34eq by the the center, these calculations may substgntia

a hard binary is~ 3G/ 2a (Hills 1983; Quinlan 1996). Com- ot P :
bining this with Equation[{12) foag gives the typical ejec- ?gfgggﬂgg\hentg.e contribution of galactic halos to the gam

tion velocity from a stalled binary:

stages of the binary’s evolution, whar« ay, at high enough
velocities and large enough numbers to explain the observe
hyper-velocity stars.

Binary SBHs have also been invoked to explain other popu-
lations, e.g. intergalactic planetary nebulae in the Victycs-
ter (Arnaboldi et al. 2004). If every Virgo galaxy harbored a
binary SBH with mass ratiq = 0.1 which evolved, via sling-
shot ejection of stars, to the gravitational-radiatiorimeg the
total mass ejected would have beer?% of the luminous
mass of the cluster (Holley-Bockelmann etial. 2005). But at
least in the brighter Virgo galaxies — including the galaxie
in Table 3 — two-body relaxation times are much too long for
collisional resupply of binary loss cones, and there is mo-co

1/2 1/2 ~1/2

vejz4.0(GMlz) ~ 830 kmsl< Mo ) < fh ) .| thank Pat Cote, Laura Ferrarese and Alister Graham

h 10°M, 10 pc for help with the galaxy data that were analyzed in 86 and
] ] o >)  for illuminating discussions. This work was supported by
independent of mass ratio. Of course this is an upper limit in grants AST-0071099, AST-0206031, AST-0420920 and AST-
the sense that ejection velocities are lower whertsai. Ta- 0437519 from the NSF, grant NNG04GJ48G from NASA,
ble 3 gives y; for the Virgo “core” galaxies and alsey the  and grant HST-AR-09519.01-A from STScl. TNebody cal-
escape velocity, defined Q;é—ZdD(asta”) with &(r) the grav- culations presented here were carried out at the Center for
itational potential including the contribution from thenbiy, the Advancement of the Study of Cyberinfrastructure at RIT
modelled as a point with mass equal to the currently-observe whose support is gratefully acknowledged.
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