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Abstract

After being destroyed by a binary supermassive black hosteltar density cusp can regrow at the center
of a galaxy via energy exchange between stars moving in #hétgtional field of the single, coalesced hole.
We illustrate this process via high-accuratyody simulations. Regeneration requires roughly oneatian
time and the new cusp extends to a distance of roughly oriettfiét black hole’s influence radius, with density
p ~r~7/% the mass in the cusp is of order 10% the mass of the black I@rewth of the cusp is preceded
by a stage in which the stellar velocity dispersion evolhwegard isotropy and away from the tangentially-
anisotropic state induced by the binary. We show that depsiffiles similar to those observed at the center of
the Milky Way and M32 can regenerate themselves in severaf@pwing infall of a second black hole; the
presence of density cusps at the centers of these galaxi¢ser@fore not be used to infer that no merger has
occurred. We argue that~ r~7/4 density cusps are ubiquitous in stellar spheroids fait@niy, ~ —18.5
that contain supermassive black holes, but the cusps haveera detected outside of the Local Group since
their angular sizes are less thar0.1”. We show that the presence of a cusp implies a lower limit a0—*
yr—1 on the rate of stellar tidal disruptions, and discuss theseqnences of the cusps for gravitational lensing
and the distribution of dark matter on sub-parsec scales.

Subject headings:

1. INTRODUCTION solved. The second mechanism may explain the very flat cen-

‘stribt ~etral profiles of luminous E galaxies (Milosavljevic eflal.(GZ0
Mass distributions near the centers of early-type galaxies - - . - .
are well described as power laws,~ r—Y Wit?]l ixzicgsy Ravindranath, Ho & Filippenkb 2002); the central relaxatio

that change gradually with radius. At theirinnermostresgl  times of these galaxies are much longer thatP 40 and the

radii, most galaxies have®< y < 2., with the steeper slopes stellar distribution would be expected to remain nearly un-
characteristic of fainter galaxies (Ferrarese Btal 200y~ changed after the two black holes had coalesced into one.

supermassive black hole is present, the orbits of starsowill In this paper we point out that both outcomes are possi-
strongly influenced at distances less than, = GM, /a2 ~ ble. A galaxy may form via mergers, but at the same time, its

10 pc (M. /10BM.,)(,/200km s 1)~2, the black hole's grav- central relaxation time following the merger may be shorter

itational influence radius. Most galaxies are spatiallyednr than 16" yr. In this circumstance, the cusp of stars around
: ) 9 patiallys the black hole is first destroyed by the massive binary, then i
solved on these small scales; two clear exceptions are th

. . EFegenerated via encounters between stars in the grawigtio
&wgergstooitg%owzlr"k)(/cgvgﬁ)z/ér%rt \ivlhggor;l;n;l%%r I\sl%%na/svr?i)c(heinsd field of the single, coalesced hole. The result is a steeprinne
resolved doWn togradiusefo 2cr (Laue’ret A 19Cl’8) Both density profile in a galaxy that had previously experienced

' . e o the scouring effects of a massive binary. To the extentahat
galaxies exhibit steep density slopgsy 1.5, atr < r,. Out-

side of the Local Group, only giant ellipticals have suffitlg stellar spheroids experienced mergers — if only in the dista
large black holes that, c’an be resolved; the nuclear luminos- past —this picture is probably generic, applying even tollsma

: O . dense systems like M32 and to the bulges of spiral galax-
|tygp1roflles in these galaxies are also power laws but very flat ies like the Milky Way. Understanding the conditions under
y< 1

o . which a previously-destroyed density cusp can spontamgous
Many distributions of stars are possible around a black,hole ; e ; .
but under two circumstances, the stellar distribution gtry, regenerate is crucial if one wishes to interpret the predagt

is predictable. (1) If the black hole has been present for amggrl?esslt%/\/%rlgfrllltisﬂ%ftg;’:\lg)(()lg;)as fossil relics of their ger
time longer thanl;, the relaxation time in the nucleus, ex- ; . .

change of energy between stars will drive the stellar distri We useN-body simulations (82) to follow first the desruc-
ing gy bet _ . >~ tion (§3) and then the spontaneous regeneration (§4) of den-
bution toward a collisional steady state; assuming a single

: X X O sity cusps around black holes. The two most important free

stellar mass and ignoring physical collisions betweensstar parameters in this problem are the mass ratio My/M; of
i —7/4 b . . .

this steady state has ~ r—7/* at 1 < r (Bahcall & Wol the binary black hole, and the slogeof the initial density
1976). (2) If the nucleus formed via the merger of two galax- ¢,sp surrounding the larger hole. We present results for sev
ies each with its own supermassive black hole, the two blackera| combinations of andy (Table 1). Our conclusion is that
holes will displace of order their combined mass in the pro- .qjisional, Bahcall-Wolf density cusps should be ubiqui
cess of forming a tightly-bound palr (Milosavlievic & Méfit  , giellar spheroids fainter thamy ~ —18.5 that contain mas-
2001), producing a low-density core. The first mechanism gjye plack holes, essentially regardless of their merggiohi
may be responsible for the steep density profiles observed afjas. However these cusps have gone undetected in galaxies
the centers of the Milky Way and M32, since both galax- qside the Local Group because they are unresolved. In 85

ies have central relaxation times of orde® and both e discuss a number of consequences of the presence of the
are near enough that linear scales of ordeare well re- cusps.
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TABLE 1

PARAMETERS OF THEN-B

ODY INTEGRATIONS

Run y Mp/My fhy Ty Telfhy,) @ | Te(rp) Tr(02rh) Tgap Iy
1 05 05 0264 0326 1170 0.0181|0.39 1420 620 79 0.38
2 05 025 0264 0296 1010 0.0119|0.35 1210 420 48 0.34
3 05 01 0264 0278 916 0.005730.32 1070 390 22 031
4 10 05 0165 0210 599 0.0116(0.28 870 300 48 0.27
5 10 025 0165 0188 499 0.00751/0.23 640 270 26 0.23
6 10 01 0165 Q0174 441 0.003600.20 520 220 11 0.20
7 15 05 00795 0107 217 0.005940.17 420 160 23 0.17

2. MODELS AND METHODS
We started by constructing Monte-Carlo realizations of

steady-state galaxy models having Dehnen’s (1993) densit)fj

law, with an additional, central point mass representing a
black hole. The Dehnen-model density follow&) O r—Y

at small radii, and the isotropic phase-space distributioe-

tion that reproduces Dehnerpgr) in the presence of a cen-
tral point mass is non-negative for gl> 0.5; hencey = 0.5

is the flattest central profile that can be adopted if theahiti
conditions are to represent an isotropic, steady state.0five ¢
sidered initial models witg= (0.5,1.0,1.5). The mas$/; of

the central “black hole” was always@, in units where the
total mass in starby, was one; the Dehnen scale lenggh
and the gravitational consta@twere also unity. Th&l-body
models so constructed were in a precise steady state at tim
Zero.

Destruction of the cusp was achieved by introducing a sec-

ond “black hole” into this model, which spiralled into thence
ter, forming a binary with the first (more massive) hole and
displacing stars. Three values were used for the mass of th
smaller holeMy/M1 = q= (0.5,0.25,0.1). The smaller hole
was placed initially at a distance6lfrom the center, with a
velocity roughly /2 times the circular velocity at that radius;
a non-circular orbit was chosenin order to speed up theadrbit
decay.

After the orbit of the smaller black hole had decayed via dy-
namical friction against the stars, it formed a tight binaith
the more massive hole, with a relative orbit close to cincula
An estimate of the semi-major axag at which the binary first
becomes “hard” isy, = Gu/402 wherep=MiM;/(M1+My)
is the reduced mass. The precise meaning of “hard” is debat
able; the definition just given defines a “hard” binary as one
whose binding energy per unit ma§s|/(M1 + M>), exceeds
20°. While simple, this definition contains the ill-defined
quantityo, which is a steep function of position near the black
hole(s). We followed Merritt & Warld (2005) and used the al-
ternative definition

I
ahE 12 __

M;+Mz 4 (1+q)2 4’

with ry,, the gravitational influence radius defined below. In
practice a, so defined was found to be roughly (within a fac-
tor ~ 2) the value of the semi-major axis at which the binary
hardening ratéd/dt)(1/a) first became approximately con-
stant.

Decay was allowed to continue until the binary semi-major
axis had reached a value af/5 ~ qrn/20. At this point,
the two black holes were replaced by a single particle of mas
M12 = M1+ Ma, with position and velocity given by the center

Ihyo

S

of mass of the binary. Th-body integration was then con-
tinued for a time roughly equal to the relaxation tiffiry,)
efined below. The most suitable time at which to merge the
two black holes was not clearpriori; our choice is of order
the separation at which gravitational-wave emission would
induce coalescence in 109 yr (Merritt & Milosavljevid
2005), but in fact we expect that other processes like inter-
action of the binary with ambient gas may drive the final coa-
lescence in real galaxies, and it is not clear at what separat
these processes are likely to dominate the evolution.

The ratio(M1 + M2) /Mga = 0.01 in our models is roughly
a factor ten larger than the ratio of black hole mass to
galaxy mass in real spheroids_(Merritt & Ferrarese 2001;
Marconi & Hunti2008). This is acceptable as long as we are
@areful to present masses and radii in units scalédhte M2
when making comparisons with real galaxies.

Table 1 gives a number of parameters associated with the
N-body integrations. The gravitational influence radiusas
defined as the radius containing a mass in stars equal to twice
dhe massv, of the central black hole. This definition, while
Superior toGM, /02, is somewhat ambiguous in ob-body
models, given that the effective mass of the central object,
and the distribution of the stars, both change with time. We
accordingly defined four different influence radii. (1) Aeth
start of the integrations, the larger black hole, of misigs
was located at the center of the galaxy. Its influence ragjus
was computed by settingd, = M1 and using thé = O stellar
distribution. (2) After the smaller black hole has fallentin
a distance< rn, from the larger hole, the appropriate value
of M, become®/; + Mo. We defined the associated influence
radius to bery,,, which we computed ignoring the changes
that had occurred in the stellar distribution sibee0. (3) The
third influence radiugy,, was computed by settiid, = M1+
Mo, but this mass was compared with the stellar distribution at
the end of the binary evolution phase, after the phase of cusp
destruction. (4) Finallyr{ is the influence radius at the end
of the second phase of integration, after a Bahcall-Wolpcus
has formed around the single black hole. As Table 1 shows,
ri is only slightly smaller thamy, since the regenerated cusp
contains a mass that is small compared With

The relaxation timed; in Table 1 were computed from
the standard expression (eq. 2-62 of Spitzer 1987), setting
INA = In(a?rh12/2Gm,), with o the 1D stellar velocity dis-
persion atn1» andm, = N~1 the mass of ai-body particle.
This definition ofA is equivalent to equatinbgmay the max-
imum impact parameter for encounters in Chandrasekhar’s
theory, with r,, (Preto, Merritt & Spurzeh 2004). Table 1

gives values off; evaluated at two of the four influence radii
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FiG. 1.— Cusp destruction. Solid lines are stellar density [@®fust before the two “black holes” were combined into obBashed lines show the initial
models.q = M2 /M is the binary mass ratio.

defined aboveT (ry,,) was computed using the structural pa- and Aarseth (Mikkola & Aarsetth 1990, 1993). A detailed de-
rameters of the initial galaxy model, whilg(r) was com- scription of the chain algorithm, including the results efp
puted using estimates like those in Figués 1 @nd 3. of theformance tests, are givenlin Merritt, Mikkola & Srell (2005)
stellar density and velocity dispersion in the evolved niede Our initial conditions (one black hole at the center, a serall
We also giveT; (0.2rh’); the motivation for this is given be-  black hole orbiting about it) are not as realistic as in siaul
low. The final time scale in Table Tyap, is defined below  tions that follow both merging galaxies from the start (e.g.
(equatiorl) and is an estimate of the time required for thelMilosavlievic & Meriti (2001),| Merritt et al.|(2002)), butra
angular-momentum gap created by the binary to be refilled;superior to simulations that drop one or two black holes
Tgap varied betweer- T (rn)/20 and~ T;(rp)/50. into a pre-existing galaxy that contains no black hole (e.g.
The power-law cusps in our initial models were motivated |Quinlan & Hernquist1(1997);_Nakano & Makino (1999a,b)).
by the approximately power-law dependence of luminosity We ignore the radiation recoil that would accompany the final
density on radius observed near the centers of many early<coalescence of the two black holes, displacing the remnant
type galaxiesl(Ferrarese etlal. 2005). Since the obsengtio hole temporarily from its central location and increasihg t
often do not resolvey, the stellar distribution at < ry, in size of the corel(Merritt et al. 20040; Boylan-Kolchin et al.
some galaxies might be different than the inward extrapola-2004). We also ignore processes like loss of stars into the
tion of the power laws that are fit to larger radii. For insenc  black hole(s), stellar tidal disruptions, and stellar siolhs,
galaxies with sufficiently short relaxation times are extpdc  all of which might affect the form of the final density profile.

to havep ~ r—7/4 density cusps like the ones that form in

our N-body models at late times. Other galaxies may have 3. CUSP DESTRUCTION

compact stellar nuclei(Cote eflal. 2005). We did notinclude  after formation of a hard binary ag ~ an, the bi-
such dense features in our initial models: first, because thenary’s binding energy continues to increase as the two
associated mass would have been small compared with thenassive particles eject stars via the gravitational sling-
mass removed by the binary; and second, because doing sgnot [Saslaw, Valtonen & Aarskih 1974; Mikkola & Valtohen
would have more than doubled the computational effortduelgg;g; Quinlan 1996). As in a number of recent studies
to the shorttime steps required for stars initially neattaek (Berczik, Merritt & Spurzenh 2005; Merritt, Mikkola & Szell
holes. _ _ 2005), we found that the hardening rates were nearly in-
Al N-body integrations usedN = 0.12 x 10° par-  gependent of times = (d/dt)(1/a) ~ const., fora < an.
ticles and were carried out on a GRAPE-6 special- The values of are not of particular interest here, sinke
purpose computer. Th&-body integrator is described pogy hardening rates are known to depend strongly on par-
in Merritt, Mikkola & Szell (2005). This algorithm is an tjcle’ numbeil(Berczik, Merritt & Spurzein 2005), and we do
adaptation ofNBCDY1 |Aarseth (1999) to the GRAPE-6; it ot expect these simulations to be in the “empty loss cone”
uses a fourth-order Hermite integration scheme with indi- regime that characterizes binary evolution in real gakxie
vidual, adaptive, block time steps (Aarseth _2003).  For (Milosavljevic & Meritl 2003). However the “damage” done
the majority of the particles, the forces and force deriva- py the binary to the pre-existing stellar distribution ipegted
tives were calculated via a direct-summation scheme on thegn energetic grounds to be a functionapf/a, essentially in-
GRAPE-6, using the particle advancem_ent scheme describe@ependem of theate of hardening and hence &f (Quinlah

in Berczik, Merritt & Spurzem(2005) with an accuracy pa- [[99¢), and this expectation has recently been confirmed in
rameter of) = 0.01 and zero softening. Close encounters be- N-pody experiments (Merritt, Mikkola & SzHI[ 2005). As de-
tween the black holes, and between black holes and stars, rescriped above, the binary phase of the integrations was-term
quire prohibitively small time steps in such a scheme an@wer pated whera — an/5.

regularized using the chain regularization routine of Milek Figurell shows density profiles of thebody models at the
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FIG. 2.— Mass deficits, computed as described in the text, dihi@dinary phase of the integratiorss:= a(t) is the binary semi-major axis ary is defined
in equation[(lL) g = M2 /M is the binary mass ratio.
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FiIG. 3.— Stellar velocity dispersions at the end of the binargggh in the integrations witd, /M1 = 0.5. Solid lines:oy; dashed lineso;. The binary creates
a tangentially-biased velocity distribution near the eetily preferentially ejecting stars on radial orbits. Arsowdicate the black hole influence radits

end of the binary phase. Radii of the “star” particles were mass deficits generated by large-mass-ratio inspiralshaw s
computed relative to the center of mass of the binary, andin Figure[2 mass deficits for these integrations, expressed i
estimates op(r) were constructed using the nonparametric terms ofa,/a(t); we extended some of the integrations be-
kernel estimator of Merritt & Tremblay (1994). The damage yonda = an/5 in order to further elucidate this dependence.
done by the infalling black hole can be seen to increase with Figure[2 shows that — for a given degree of binary hardness —
its mass fory = 0.5 and 1, and extends out to a radiusy. the mass deficit is much better predictedNMy or M;» than
They= 0.5 cusp is converted into an approximately constant- by M». In other words, the damage done by the smaller black
density core, while thg=1 andy= 1.5 cusps are “softened,” hole is rougly proportional to the mass of thieary, at a given

to power laws of index- 0.5 (y=1) and~ 1.0 (y= 1.5). value ofap/a.

A standard measure of the damage done by an infalling This is a reasonable result. Equating the increase in the
black hole to a pre-exising density cusp is the “mass deficit” binary’s binding energy with the energy lost to an ejected st
Mget, defined as the decrease in the central mass within agives
sphere that contains the affected region_(Milosavljevalet
2002). The mass deficit is potentially observable GuM1+M 1
(Milosavlievic et al. [2002; [ Ravindranath, Ho & Filippenhko W5 (5) = (Ef — Ei)OMe; (2)
2002;|Grahah _2004), assuming that one can guess the pre-
existing density profile, and its value is an index of the cumu

lative effect of mergers on the galaxy (Volonteri etial. ZD03  with E; andE; the initial and final kinetic energy per unit mass
Since there are few results in the literature on the sizes ofof the ejected star anliMe; its massy s the reduced mass of
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FiG. 4.— Mean velocity anisotropy of the stars in a sphere ofusj around the single black hole, as a function of time after thesive binary was combined
into a single particle. Shown are the integrations WigyM; = 0.5. Arrows indicate the tim@yap defined in the text (equatidd 7, Table 1).

the binary. This can be written the ejected mass is predicted to scale-da M,. The depen-
) dence oMyef ON binary mass ratio is a topic that deserves fur-
dMej B Voin (3y  therstudy since the central structure of bright elliptigalax-
din(1/a) 2Ef—E ies is expected to reflect the cumulative effect of many minor

mergersi(Volonteri et al. 2003).
where Vohin = /G(M1+M2)/a is the relative velocity be- We do observe an additional dependencklgé on bothy
tween the components of the binary (assuming a circular or-andq at givenay /a (Figurel2). However the definition &, is
bit). Hills (1983) finds from scattering experiments thar, & somewhat arbitrary (§2) and we do not pursue that additional
hard binary in the limitM, <« M1, E; — E; for a zero-impact-  dependence here.

parameter encounteris 1.4Gp/a. This implies The binary preferentially ejects stars on eccentric orbits
The result is an induced anisotropy in the stellar velocisy d
dMe; ~ 0.36(My + My) (4) tribution atr < r,. Figurel3 illustrates this, for the integra-
din(1/a) ' tions with the most massive secondarigls (M1 = 0.5). The

. . . . induced anisotropy is mild, similar to what has been obsérve
:ndaT?ot:taii mass ejected by the binary in hardening fromjp, gtherN-body studies (e.g.Milosavijevic & Metitt (2001)).
~ f
4. CUSP REGENERATION
an

~ 0.36In (—) , (5) When the separation between the two components of the bi-
af nary had dropped ta= ay/5, the two massive particles were
combined into one and placed at the center of mass of the bi-
nary. The integrations were then continued until an aduai#io
time of roughlyT, (r},) had elapsed (Table 1). During this sec-
ond phase of the integrations, the stellar distributioruad
the single black hole evolved due to star-star encountédrs. T
W =J(M1+My) (6) initial effect of encounters was to refill the phase space gap
created when the binary ejected stars with pericemtegsay.
as a function oM,/Mi, assuming a Maxwellian distribution  The refilling time is approximately
of velocities at infinity. He defined “ejected” stars to besbo an 1 q
with final velocities exceeding m4g.5Vp, v/30}; here “final” Tgap~ —Tr(rh) = Zﬁ'ﬂ(fh) (7)
means after the star has moved far from the binary (ignoring Th (1+q)
any velocity changes that result from the galactic potgntia (Merritt & Wang|2005). Table 1 shows thadya, varies be-
\p is the velocity before the encounter, aads the velocity tween~ 10 (y=1.0,q=0.1) and~ 80 (y= 0.5,g=0.5) in
dispersion far from the massive binary. Quinlan’s defimitio our units, or betweer- 0.02T;(rp) and ~ 0.05T,(ry). Fig-
is a reasonable one W is to be equated wittMyet, and urel[3 verifies that the initially anisotropic velocity dibti-
Quinlan found that] is nearly independent d#l,/M; for a tion atr < rp becomes isotropic in a time of ord&gap. In

AMe]
M1+ M2
i.e., the mass ejected in reaching a given degree of harglenin

an/a is proportional toM1 + M2. Quinlan (1996) used scat-
tering experiments to compuddn the relation

dMe]

hard binary, decreasing frodn= 1 for M, = M1 to J = 0.5 for luminous galaxies, evellyap can exceed a galaxy lifetime

Mz = M1/256 (his Figure 5). Thes&values are consistent (Merritt & Wang|2005), and such galaxies will experience a

with Figurel2. greatly reduced rate of interaction of stars with the blacleh
Expressions likd{5) seem counter-intuitive, since theyrse  compared to galaxies with a full loss cone.

to imply an ejected mass that is large even for siviall How- On the longer time scale of T;(rh), energy exchange

ever for smalMy, a, 0 M2/M; (equatioflL), so for a gives, between stars modifies their radial distribution, evemyual
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FIG. 5.— Cusp regeneration. Plots show the stellar densitylprafound the single black hole, at post-coalescence tifrespooximately(0,0.1,0.5,1)T; (rp)
(y=0.5) and(0,0.2,1)T, (rh) (y= 1.0). Dotted lines show the density profiles at the start of thary integrations, when only one black hole was locatetiat t
center. Dashed lines have logarithmic slope-df75. Arrows indicate, the influence radius of the single black hole just afteresegnce of the binary (Table
1).
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ST 71 T 1 Finally, we consider how much time is required to regrow
the cusps. As noted above, all of the post-binary integnatio
were carried out until an elapsed time ofT;(r{), and this

was also roughly the time required for the cusp to reach its
steady-state form. However the cusp extends only to a radius
of ~ 0.2r{,, and a more relevant estimate of the relaxation time
is probablyT; (0.2r(,). Estimates of this time are given in Ta-
ble 1. The time to fully grow the cusp is approximately 3
times the relaxation time at2r{,. As Figurd shows, consid-
erable regeneration takes place even in a much shorter time,
hence we might predict the presence of steep central profiles
even in galaxies substantially younger than eithéry) or
(2—3)T:(0.2rp). We return to this issue below.

5. IMPLICATIONS
5.1. Cusp Regeneration in Local Group Galaxies

The relaxation time in the Milky Way nucleus is less than
10'%yr and a number of authors have suggested that the stellar
cluster around the supermassive black hole might be amihisi
ally relaxedl(Alexand&r 199D; Genzel ellal. 2003). Theatell
lo r mass density, based on number counts that extend down to

910 -

~ 0.005 pc, is

FIG. 6.— Final density profiles after growth of the cusp. Blacieb had
y = 0.5 for the pre-binary initial conditions, red lines hge- 1.0, and blue
line hady = 1.5. Dashed lines show the initial models. p(r)~1.2x 106|\/|<:>pcf3 (

r —a
10
0.38pc> (10)

. . (Genzel et al. 2003), with ~ 2.0 atr > 0.38 pc andx ~ 1.4
reaching the zero-flux Bahcall-Wolf (1976) solutign~ atr < 0.38 pc. The black hole mass is73 0.2 x 10°M.,
r=7/4. This is shown in Figurl5 for thg=0.4 andy=1  (Ghez et all 2005). The implied influence radius, defined as
models. (Results foy = 1.5 are shown in FigurelS 6 alldl 7 the radius containing a mass in stars that is twice the black
and are discussed separately below.) The new cusp attains thhole mass, is, ~ 88’ ~ 3.4 pc.

p ~ r~7/4 form inside of~ 0.2r{. In all of the integrations, We used equatior{JL0) and the measured valubloto
the logarithmic slope of the final cusp is steeper than that of compute the stellar velocity dispersion profile in the Milky
the initial (pre-binary) galaxy at radii < 0.5rf, although the  Way nucleus, assuming a spherical velocity ellipsoid. e r

final density remains below the initial densityrat ry. laxation timeT, was then calculated as in thhebody models,
Figure[® shows the final density profiles for all seven mod- i.e.

els. There is remarkably little dependence of the final tesul 0.3380(r)3

on the mass ratio of the binary. The reason can be seen by T (r) = 72 (11a)

comparing FigureS1 arid 6: while the different mass ratios do p(r)m.G2InA

yield different density profiles at the end of the binary ghas ~ 1.69x 10°%r x (11b)

most of these differences arerafS 0.3r,, and this region is 3 1 1 1

efficiently refilled by the new cusp. ( a(r) ) ( p(r) ) ( My ) (In_A)(llc)
The final density profiles in Figufd 6 can be well approxi- 100 kms?t 10°M,, 0.7M¢ 15

mated as broken power laws at radit iy with m, = 0.7M, andA = o?(rp)rn/2Gm,. The relaxation

r\ /4 time atr = r,, was found to be B x 10'° yr, dropping to~
p(r)=p(ro) <E> , 1 <ro, 6 x 10° yr at 0.2r, and~ 3.5 x 10° yr at ~ 0.1rp,; at smaller

= radii, T, increases very slowly with decreasing

- r 8 As noted above, cusp regeneration in titdody models

=p(ro) <E> ; To<rSrh. (8) required a time of 1T;(ry,), or ~ 2 — 3T;(0.2r,). However

] ] ] o these two timescales are substantially different in thekil
The “break” radiugo is ~ 0.15r in the models with initial  way, suggesting that the structure of the Milky Way nucleus
cusp slopey = 0.5, ~ 0.20r{’ for y = 1.0, and~ 0.25r{; for differs in some respect from that of thebody models in the
y= 1.5. In this approximation t@(r), the mass in the cusp, region 02r, <r < rp.

Mcusp= M(r <o), is given by Figure[ makes the comparison. We show the evolution
oM of p(r) andZ(R) (the latter is the projected density) in the
Mcusp= : . (9) post-binary integration with parameteng=€ 1.5,q = 0.5);
14+0.75 [(rh/ro)z— 1} the right-hand frame also shows the measured surface den-

sity of stars at the Galactic center, from the number counts
ThusMcysp/M. = 0.03 (y=0.5),~0.12 (y=1.0), and~ 0.16 of Genzel et 8.[(2003), with arbitrary vertical normalipat
(y= 1.5), confirming thaMcyspis small compared witivi,. The N-body model successfully reproduces the slope of the
One consequence is thef, the influence radius at the final observed stellar cusp at late times, but Mody profile is
time step, differs only slightly fromy, the influence radius at  less steep than the observed counts at0.2ry, i.e., outside
the end of the binary phase (Table 1). of the cusp. In the Milky Way, an approximately power-law
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FiG. 7.— Evolution of the spatial (a) and projected (b) densitgfifes in the simulation that most closely resembles thekiVay nucleus. The initial
model (dotted line) had p ~ r—15 density cusp and a central black hole of mMs= 0.01, in units where the total stellar mass of the model is 1.eBlu
(lower) line shows the density after infall and capture ofaahd black hole of madd, = 0.5M;. Green, red and black lines show the evolving density at
times (100200,300) after coalesence; based on the discussion in the liextorresponding physical times are roughlyg(42) x10° yr. Symbols in (b) show
the observed surface density of stars near the GalacticeCdram Genzel et al. (2003); see Figure 7 from that papesyaonbol definitions. The vertical
normalization of the symbols was set by eye in order to give@gnatch to thé\-body data aR < 0.2r,. Dashed lines have logarithmic slopes-f.75 (a)
and—0.75 (b).

dependence gb onr extends well beyond,, while theN- The stellar density near the center of M32 is

body models exhibit a shallower slope at these radii. Better —a

correspondence betwed&ibody model and data could pre- p(r) ~ 2.2 10°M.pc 3 (L) , a~15 (12)
sumably have been achieved by modifying the initial model, 1pc

or by repeating the integrations with smaly (which would (Lauer et all. 1998), very similar to that of the Milky Way. Un-
have mandated a largét in order to resolve the smaller fortunately the estimation d¥l, in M32 suffers from the de-

cusp); the unphysically large valued{ adopted hereM. = generacy inherent in orbital modelling of axisymmetric-sys
0.018Vga)) implies an influence radius that is comparable to tems and the black hole mass could lie anywhere in the
the Dehnen-model scale length. range 15 x 10°M., < M, < 5 x 10°M, with equal likelihood

_ Inlight of these ambiguities, it is reasonable to fix the phys - (/alluri, Merritt & Emsellen{2004). Applying thé, — o re-

ical unit of time by_co_mparlng thi-body mod(_al to the Milky lation (Eerrarese & Merrltt 2000) giveldl, ~ 2.0 x 10°M,,

Way at~ 0.2rp; this is roughly the outer radius of the cusp, \yhich we adopt here. The black hole influence radius be-
and Figur&l” shows that the model fits the data well out to this comes~ 1.7 pc~ 0.5” and Ty (rp) ~ 2.2 x 101° yr. This is
radius. We find thal (0.2rn) ~ 160 inN-body units, while  somewhat smaller than the estimateTgfry) in the Galactic

in the Milky Way, T;(0.2rn) ~ 6 x 10° yr. The integration  npycleus, suggesting that a collisional cusp could easig ha
time of 300 in Figurd]7 then corresponds to a physical time heen regenerated in M32. However, the cusp should only ex-
of ~ 1.1x 10" yr. In fact, theN-body cusp attains nearly its  tend outward te- 0.2r, ~ 0.1" at the distance of M32, barely

final form by a time of~ 200, or~ 8 x 10° yr. We conclude  resolvable even with HST. Depending on the exact value of
that the distribution of stars near the Mllky Way black hde i M., the collisional cusp in M32 may or may not have been

consistent with a major merger having occurred at a tim@ resolved.

Gyr in the past. o . Both the mass of the black hole in M31, and the dynamical
In fact, the probability is~ 68% that a galaxy with a dark-  state of its nucleus, are less certain than in the Milky Way
matter halo as large as that of the Milky Way has experiencedand M32 due to M31's complex morphology. However most
amajor merger (mass ratio of at least 4 : 1) since a redshift ofestimates of the relaxation time at the center of P2, thezsancl
z=2,i.e, inthe last- 10 Gyr (Merritt et al. 2002). If this  component believed to contain the black hole, are of order
occurred, our results suggest the interesting possidhié&¢ 10! yr (e.g. Lauer et al. 1998). M33 has a very short central

the Milky Way cusp may still be evolving toward its steady- relaxation time but no dynamical signature of a black hole
state form. Evidence for this might be sought in the form of (Valluri et all[2005).

a flattening the density profile at very small radig; 0.1r,, ~
10", 5.2. Cusp Regeneration in Galaxies Beyond the Local Group

Which galaxies beyond the Local Group should contain
Bahcall-Wolf cusps? Figufé 8 shows estimate& ¢fy,) in the
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FiG. 8.— Estimates of the relaxation time at the black hole'uirfice ra-
dius, rp, in the sample of early-type galaxies modelledlby Wang & flerr
(2004). Black hole masses were computed from khg— o relation
(Merritt & Ferraresé 2001), except in the case of the Milkyy\ar which
M, = 3.7 x 10°M,, was assumed (Ghez el B[_2005). The stellar mass was
set equal to @M., when computingT;. Horizonal axis is absolute visual
magnitude of the galaxy or, in the case of the Milky Way, thalat bulge.
The size of the symbols is proportional to g8y, /6obs), Whereby, is the
angular size of the black hole’s influence radius g is the observational
resolution. Filled symbols haw, > Bops (i resolved) and open circles have
6r,, < Bops (rh unresolved). Values & (ry) in the unresolved galaxies should
be considered approximate since the luminosity profilehésé¢ galaxies are
not well known atr < rp,.

sample of early-type galaxies modelled lby Wang & Mérritt
(2004); these are a subset ofithe Magorrian ket al. (1998)gala
ies. In this plot, filled symbols denote galaxies observet wi
angular resolutiogps < 6y, and the size of the symbol is
proportional to log6, /Bobs). (In galaxies wherey, is not
resolved, we note that the estimatesTofre particularly un-
certain, since they depend on an inward extrapolation of lu-
minosity profiles measured at> ry,.)

Figure[® reveals that the brightest spheroidg, < — 20,
have central relaxation times that always greatly exceétl 10

eration 9
(Ferrarese & Fold20D5), witMg = M, /10°M., and 6200 =
0/200 km s1, and (temporarily) redefining, asGM., /0° ~
11.2Mg0,& pc. Then

rh~ 2.76MJ%° pc. (13)
Taking for the outer radius of the cusp= 0.2r,, (equation
B), its angular size becomes

6o ~ 0.57"Mg**Dy. (14)

with Dmpc the distance to the galaxy in Mpc. Thus, at the dis-

tance of the Virgo clustelp > 0.1” impliesM, > 6 x 10°M;
however such massive black holes would almost certainly sit
in galaxies with central relaxation times longer thart1gr
(Figure[®) and a cusp would not have formed. If we assume
that black holes like the ones in the Milky Way and M32 (i.e.
M, ~ 3 x 10°M,,) are the most massive to be associated with
collisionally-relaxed nuclei, then the associated cuspdcd:
be resolved to a distancesf0.7 Mpc, roughly the distance to
M32 — consistent with the statement made above that the cusp
in M32 is only barely resolved. Hence, collisional cusps are
unlikely to be observed in galaxies beyond the Local Group.

Unresolved density cusps might appear as pointlike nu-
clei, particularly in dE galaxies which have low central-sur
face brightnesses. Pointlike nuclei are in fact nearly ubiq
uitous in elliptical galaxies as faint ddy ~ —18, disap-
pearing forMy 2 — 13 (vanden Bergh 1986). Luminosities
of the nuclei are observed to average).003 times that of
their host galaxies, albeit with considerable scatteré@bial.
200%). As shown in 84, Bahcall-Wolf cusps entrain a mass
of order Q1M,. If the ratio of black hole mass to stellar
mass that characterizes bright galaxi®g,/Mga ~ 0.0013
(Merritt & Ferraresé 2001), also holds for dE galaxies, the |
minosity associated with the cusps would be 0n|§t0*4Lga|,
too small to explain the majority of the observed nuclei. On
the other hand, essentially nothing is known about the nsasse
(or even the existence) of black holes in spheroids faihtan t
My = —18 (with the exception of M32, probably a special
case) and it is possible thist, > 10‘3Mga| in these galaxies.
Itis intriguing to speculate that the disappearance oftfiké
nuclei in dE galaxies fainter thavly ~ —13 might signal the
disappearance of the black holes.

We note that the nuclear cusps of the Milky Way and M32
extend approximately as power laws out to radii far beygnd

yr. In these galaxies, a low-density core created by a bi- Even these more extended cusps would be unresolved beyond
nary supermassive black hole would persist for the age ofthe Local Group and might contain enough light to explain

the universe. However; (rp) drops with decreasing luminos-
ity, falling below 13° yr for My = —18. The Milky Way
bulge falls on the relation defined by the more distant gakxi
which is reassuring given the uncertainties in its lumityosi
(We adopted a bulge blue absolute magnitudelgt= —17.6
from|Marconi & Hunt (2003) and assuméd, = Mg —0.9.)

the pointlike nuclei.

The black holes in the Milky Way and M32 are
among the smallest with dynamically-determined masses
(Eerrarese & Foll 2005). If smaller black holes do not exist,
Figure[® suggests that Bahcall-Wolf cusps might be present
only in a small subset of spheroids containing black holes

However M32 appears to be shifted from the relation definedwith masses 1M, < M, < 3x 10°M.,. However it has been
by the other galaxies, as if it is the dense core of a once muchargued that some late-type spirals host AGN with black hole

brighter galaxy. This possibility has often been raisechim t
past (King 1962; Faber 1973; Nieto & Prugfiel 1987).

masses as low as 10°M., (Hd[200%). If so, Figur€l8 sug-
gests that Bahcall-Wolf cusps would be present around these

Figure[8, combined with the arguments in 85.1, suggestshlack holes.

that spheroids fainter thavly, ~ —18.5 are dynamically old
enough to contain Bahcall-Wolf cusps.
However outside of the Local Group, Figurk 8 also sug-

The presence of cores, or “mass deficits,” at the cen-
ters of bright elliptical galaxies has been taken as ev-
idence of past merger events (Milosavlievic etial. 2002;

gests that such cusps are unlikely to be resolved. We carRavindranath, Ho & Filippenkb 2002; Graham 2004). Mass

check this prediction by relating the angular size of thepcus
to black hole mass via thél, — o relation, Mg ~ 1.66055°

deficits are observed to disappear in galaxies fainter than
My = —19.5 (Milosavlievic et al! 2002). Could this be due
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to cusp regeneration? Figuke 8 suggests an alternativa-expl
nation. Galaxies fainter thakly = —19.5 are mostly unre-
solved on scales af,, which is also the approximate size of

a core created by a binary supermassive black hole. The lack

of mass deficits in galaxies witkly = — 19.5 probably just
reflects a failure to resolve the cores in these galaxies.

5.3. Black Hole Feeding Rates

Merritt & Szell

In(2/6,c)T,. Adopting the standard expression for the colli-
sion time,

Teoll = [16ym0r(1+4 0)] (19)
with @ = Gm, /(20?r,)) andn the number density of stars, we

find that physical collisions begin to affect the stellartidis
bution atr < 0.08 pc < 0.023}, for Solar-type stars in the

The low-luminosity galaxies most likely to harbor Bahcall- Galactic nucleus.
Wolf cusps (Figurdd8) are the same galaxies that would
dominate the overall rate of stellar tidal disruptions,uass o :
ing of course that they contain black holes (Wang & Merritt 5:4. Gravitational Lensing
2004). Published estimates bf the rate of stellar disrup- The central parts of galaxies can act as strong gravita-
tions, in such low-luminosity galaxie5s (Sver & Uliler 1p99; tional lenses; the lack of a “core” image in observed lens sys
Magorrian & Tremaide 1999; Wang & Mertltt 2004) have al- tems implies a lower limit on the stellar density of the lens-
most always been based on an inward extrapolation of lumi-ing galaxy within the centrak 10? pc (Rusin & Mal2001;
nosity profiles measured at> ry. In principle, knowing that ~ [Keeton 2003). Broken power-law density profiles like those
p(r) has the Bahcall-Wolf form near the black hole should in equation [B) have been used to model lensing galaxies
allow a more accurate estimate Nfin the low-luminosity ~ (Munoz et all 2001; Bowman etlal. 2004), although the break
galaxies that dominate the overall flaring rate. radii in these studies were chosen to be much larger than the
plies a lower limit onN, of order 104 yr—2. The stellar den- ~ urel8). However the presence or absence of the cusps should
sity in the cusp is have little effect on the lensing properties of galaxiesduse

the mass contained within the cusp is small compared with
r\ 74 M., and because even the supermassive black holes contribute
E) only slightly to the lensing signal (Rusin el al. 2D05). The
low-luminosity galaxies that are likely to contain cuspsg¢F
urelB) are also unlikely to act as lenses.

p(r) = pro) (15)
(equatiorB), withrg = arp, a ~ 0.2. We can writep(rg) =
KM, /r2, where the constari depends on the form qf(r)

atr > ro; assuming g ~ r—2 power law forr > rg, as in
the Milky Way and many other low-luminosity spheroids, we
find K = 4.0. The rate at which stars in the cusp are fed to the
black hole is approximately

p

N am /'“fh

P m Jo T In(2/61c)
(Lightman & Shapiro 1977; Syer & Ulmier 1999). Heig ~
\/rt/r is the angular size of the loss cone at radiwndr;

5.5. Dark Matter

The distribution ofdark matteron sub-parsec scales near
the center of the Milky Way and other galaxies is relevant
to the so-called “indirect detection” problem, in whichenf
ences are drawn about the properties of particle dark matter
based on measurements of its self-annihililation by-poct&lu
(Bertone & Merriit| 2005). A recent detection of TeV ra-
diation from the Galactic center by the HESS consortium
(Aharonian et al._2004) is consistent with a particle arathi
is the tidal disruption radiugy ~ (M./m,)¥3r,. This ex- tion signal, but only if the dark matter density in the innewf
pression assumes that the feeding rate is limited by ddfusi  parsecs is much higher than predicted by an inward extrapola
i.e. that the loss cone is “empty”; an equivalent statementtion of the standard\CDM halo models (Hooper etlal. 2004).
is thatrit, the radius above which a star can scatter in and One possibility is that the dark matter forms a steep “spike”
out of the loss cone in one orbital period, is greater than around the black hole (Gondolo & Silk 1999). Particle dark
In the case of the Milky Way black hole, it can be shown matter would not spontaneously form a Bahcall-Wolf cusp
that Q2r, < rerit < rp. Taking the slowly-varying logarith-  since its relaxation time is extremely long. However, once a
mic terms out of the integral, we find a feeding rate for stars cusp forms in thestars scattering of dark matter particles off

r’dr (16)

in the cusp: of stars would redistribute the dark matter in phase spaee on
1/2 time scale of ordef, (ry), the star-star relaxation time (Medritt
Neusp™ 1.6"17/\ <%> _ 17) 2004). The ultimate result is g ~ r—%/2 density cusp in
In(2/6c) \ r? the dark matter (Gnedin & Primé£k 2004), but with possibly
. . . . . low normalization, particularly if the dark matter distiton
Evaluatingic atr = ary and setting Ik = 15, this becomes /¢ previously modified by a binary black hdle (Merritt €t al.
Ncusp% 7% 1075yr71M.l,/r\ﬁwrrT,r?/|/\/2v (18) 2002). TheN-body techniques applied here would be an ef-

fective way to address this problem.
where M, yw andrpmw are in units of the values quoted
above for the Milky Way. Thus, the flaring rate due to stars
in the Milky Way cusp is~ 10~# yr—1. This is of course
a lower limit on the totaN since it ignores the contribution
from stars outside the cusp, at> arg ~ 0.7 pc. In fainter
spheroids, thé/, — o relation, combined with equatiof{|18),
impliesN 0 M; %4 and hence even higher flaring rates.

The Bahcall-Wolf solution will break down at radii where
the physical collision time is shorter than the diffusiomei
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Abstract

After being destroyed by a binary supermassive black hos¢eltar density cusp can regrow at the center of
a galaxy via energy exchange between stars moving in thetatianal field of the single, coalesced hole.
We illustrate this process via high-accuratyody simulations. Regeneration requires roughly oneatian
time and the new cusp extends to a distance of roughly oriettfiét black hole’s influence radius, with density

p ~ r~7/%: the mass in the cusp is of order 10% the mass of the black I@xrewth of the cusp is preceded
by a stage in which the stellar velocity dispersion evolhwegard isotropy and away from the tangentially-
anisotropic state induced by the binary. We show that depsiffiles similar to those observed at the center of
the Milky Way and M32 can regenerate themselves in severaf@pwing infall of a second black hole; the
presence of density cusps at the centers of these galaxi¢ser@fore not be used to infer that no merger has

occurred. We argue that~ r~7/4 density cusps are ubiquitous in stellar spheroids fait@niy, ~ —18.5
that contain supermassive black holes, but the cusps haveera detected outside of the Local Group since
their angular sizes are less thar0.1”. We show that the presence of a cusp implies a lower limit a0—*
yr—1 on the rate of stellar tidal disruptions, and discuss theseqnences of the cusps for gravitational lensing
and the distribution of dark matter on sub-parsec scales.

Subject headings:

1. INTRODUCTION solved. The second mechanism may explain the very flat cen-

‘stribt ~etral profiles of luminous E galaxies (Milosavljevic eflal.(GZ0
Mass distributions near the centers of early-type galaxies - - . - .
are well described as power laws,~ r—Y Wit?]l ixzicgsy Ravindranath, Ho & Filippenkb 2002); the central relaxatio

that change gradually with radius. At theirinnermostresgl  times of these galaxies are much longer thatP 40 and the

radii, most galaxies have®< y < 2., with the steeper slopes stellar distribution would be expected to remain nearly un-
characteristic of fainter galaxies (Ferrarese Btal 200y~ changed after the two black holes had coalesced into one.

supermassive black hole is present, the orbits of starsowill In this paper we point out that both outcomes are possi-
strongly influenced at distances less than, = GM, /a2 ~ ble. A galaxy may form via mergers, but at the same time, its

10 pc (M. /10BM.,)(,/200km s 1)~2, the black hole's grav- central relaxation time following the merger may be shorter

itational influence radius. Most galaxies are spatiallyednr than 16" yr. In this circumstance, the cusp of stars around
: ) 9 patiallys the black hole is first destroyed by the massive binary, then i
solved on these small scales; two clear exceptions are th

. . EFegenerated via encounters between stars in the grawigtio
&wgergstooitg%owzlr"k)(/cgvgﬁ)z/ér%rt \ivlhggor;l;n;l%%r I\sl%%na/svr?i)c(heinsd field of the single, coalesced hole. The result is a steeprinne
resolved doWn togradiusefo 2cr (Laue’ret A 19Cl’8) Both density profile in a galaxy that had previously experienced

' . e o the scouring effects of a massive binary. To the extentahat
galaxies exhibit steep density slopgsy 1.5, atr < r,. Out-

side of the Local Group, only giant ellipticals have suffitlg stellar spheroids experienced mergers — if only in the dista
large black holes that, c’an be resolved; the nuclear luminos- past —this picture is probably generic, applying even tollsma

: O . dense systems like M32 and to the bulges of spiral galax-
|tygp1roflles in these galaxies are also power laws but very flat ies like the Milky Way. Understanding the conditions under
y< 1

o . which a previously-destroyed density cusp can spontamgous
bu';"j;‘gedr'?\tl\r/fLéﬂgﬂfﬂ%‘;gﬁgessart%gﬁg:g?ggﬁgg&ﬁgﬁfh0|e regenerate is crucial if one wishes to interpret the predant
is predictable. (1) If the black hole has been present for alummosny profiles of galaxies as fossil relics of their mer

; . ; ; i i Letal. 2003).
time longer thanl;, the relaxation time in the nucleus, ex- histories (volonteri et 41, 2003)

change of energy between stars will drive the stellar distri We useN-body simulations (82) to follow first the desruc-
ing gy bet _ . >~ tion (§3) and then the spontaneous regeneration (§4) of den-
bution toward a collisional steady state; assuming a single

: X X O sity cusps around black holes. The two most important free

stellar mass and ignoring physical collisions betweensstar parameters in this problem are the mass ratio My/M; of
i —7/4 b . . .

this steady state has ~ r—7/* at 1 < r (Bahcall & Wol the binary black hole, and the slogeof the initial density
1976). (2) If the nucleus formed via the merger of two galax- ¢,sp surrounding the larger hole. We present results for sev
ies each with its own supermassive black hole, the two blackera| combinations of andy (Table 1). Our conclusion is that
holes will displace of order their combined mass in the pro- .qjisional, Bahcall-Wolf density cusps should be ubiqui
cess of forming a tightly-bound palr (Milosavlievic & Méfit  , giellar spheroids fainter thamy ~ —18.5 that contain mas-
2001), producing a low-density core. The first mechanism gjye plack holes, essentially regardless of their merggiohi
may be responsible for the steep density profiles observed afjas. However these cusps have gone undetected in galaxies
the centers of the Milky Way and M32, since both galax- qside the Local Group because they are unresolved. In 85

ies have central relaxation times of orde® and both e discuss a number of consequences of the presence of the
are near enough that linear scales of ordeare well re- cusps.
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TABLE 1
PARAMETERS OF THEN-BODY INTEGRATIONS

Run y Mp/Mi ry  thy, Te(rh,)  @n ri, Te(r) T (02r}) Tgap T
1 05 05 0264 0326 1170 0.0181(0.39 1420 620 79 0.38
2 05 025 0264 Q29 1010 0.0119(0.35 1210 420 48 0.34
3 05 01 0264 0278 916 0.005730.32 1070 390 22 031
4 10 05 0165 0210 599 0.0116|0.28 870 300 48 0.27
5 10 025 0165 Q188 499 0.007510.23 640 270 26 0.23
6 10 01 0165 Q174 441 0.003600.20 520 220 11 0.20
7 15 05 00795 0107 217 0.005940.17 420 160 23 0.17

2. MODELS AND METHODS

We started by constructing Monte-Carlo realizations of

steady-state galaxy models having Dehnen’s (1993) densit)}
law, with an additional, central point mass representing a

black hole. The Dehnen-model density follow&) O r—Y
at small radii, and the isotropic phase-space distribftion-
tion that reproduces Dehnerpgr) in the presence of a cen-
tral point mass is non-negative for gl> 0.5; hencey = 0.5

is the flattest central profile that can be adopted if theahiti
conditions are to represent an isotropic, steady state.dfive ¢
sidered initial models witly= (0.5,1.0,1.5). The mas$/; of
the central “black hole” was always(@, in units where the
total mass in starbg, was one; the Dehnen scale lengh
and the gravitational consta@twere also unity. Th&l-body

models so constructed were in a precise steady state at tim

Zero.

Destruction of the cusp was achieved by introducing a sec-

ond “black hole” into this model, which spiralled into thence

ter, forming a binary with the first (more massive) hole and

displacing stars. Three values were used for the mass of th

smaller holeM,/M; = q= (0.5,0.25,0.1). The smaller hole
was placed initially at a distance6lfrom the center, with a
velocity roughly /2 times the circular velocity at that radius;
a non-circular orbit was chosen in order to speed up theadrbit
decay.

After the orbit of the smaller black hole had decayed via dy-
namical friction against the stars, it formed a tight binaith
the more massive hole, with a relative orbit close to cincula
An estimate of the semi-major axag at which the binary first
becomes “hard” isy, = G/40? wherepu= M1M; /(M1 +M>)
is the reduced mass. The precise meaning of “hard” is debal

able; the definition just given defines a “hard” binary as one

whose binding energy per unit magg|/ (M1 + M>), exceeds
202. While simple, this definition contains the ill-defined
quantityo, which is a steep function of position near the black
hole(s). We followed Merritt & Warig (2005) and used the al-
ternative definition

HoTh, G Thy

M1+My 4 (1+q)2 4’

with ry,, the gravitational influence radius defined below. In
practice a, so defined was found to be roughly (within a fac-
tor ~ 2) the value of the semi-major axis at which the binary
hardening ratéd/dt)(1/a) first became approximately con-
stant.

Decay was allowed to continue until the binary semi-major
axis had reached a value af/5 ~ qr,/20. At this point,

Ihyo

an = (1)

the two black holes were replaced by a single particle of mass

M12 = M1+ Mg, with position and velocity given by the center
of mass of the binary. Th-body integration was then con-
inued for a time roughly equal to the relaxation tiffiéry,)
defined below. The most suitable time at which to merge the
two black holes was not clearpriori; our choice is of order
the separation at which gravitational-wave emission would
induce coalescence in 109 yr (Merritt & Milosavljevid
2005), but in fact we expect that other processes like inter-
action of the binary with ambient gas may drive the final coa-
lescence in real galaxies, and it is not clear at what separat
these processes are likely to dominate the evolution.

The ratio(M1 + M2) /Mga =~ 0.01 in our models is roughly
a factor ten larger than the ratio of black hole mass to
galaxy mass in real spheroids_(Merritt & Ferrarese 2001;
Marconi & Hunti2008). This is acceptable as long as we are
careful to present masses and radii in units scalédzte M2
when making comparisons with real galaxies.

Table 1 gives a number of parameters associated with the
N-body integrations. The gravitational influence radiywas
defined as the radius containing a mass in stars equal to twice
the mas3Vi, of the central black hole. This definition, while
superior toGM, /a2, is somewhat ambiguous in obrbody
models, given that the effective mass of the central object,
and the distribution of the stars, both change with time. We
accordingly defined four different influence radii. (1) Aeth
start of the integrations, the larger black hole, of mislgs
was located at the center of the galaxy. Its influence ragjus
was computed by settingd, = M1 and using thé = O stellar
distribution. (2) After the smaller black hole has fallentin
a distance< ry, from the larger hole, the appropriate value
t_of M, becomedl; + M,. We defined the associated influence
radius to berp,, which we computed ignoring the changes
that had occurred in the stellar distribution sibee0. (3) The
third influence radiusy,, was computed by settiid, = M1+
My, but this mass was compared with the stellar distribution at
the end of the binary evolution phase, after the phase of cusp
destruction. (4) Finallyr is the influence radius at the end
of the second phase of integration, after a Bahcall-Wolpcus
has formed around the single black hole. As Table 1 shows,
ri; is only slightly smaller thamy, since the regenerated cusp
contains a mass that is small compared With

The relaxation timed; in Table 1 were computed from
the standard expression (eq. 2-62 of Spitzer 1987), setting
INA = In(a?rn12/2Gm,), with o the 1D stellar velocity dis-
persion atpr> andm, = N~1 the mass of ai-body particle.
This definition ofA is equivalent to equatinbgmay the max-
imum impact parameter for encounters in Chandrasekhar’s
theory, withr, (Preto, Merritt & Spurzehi_2004). Table 1
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FiG. 1.— Cusp destruction. Solid lines are stellar density [@®fust before the two “black holes” were combined into obBashed lines show the initial
models.q = M2 /M is the binary mass ratio.

gives values ofl; evaluated at two of the four influence radii  regularized using the chain regularization routine of Milek
defined aboveT (ry,,) was computed using the structural pa- and Aarseth (Mikkola & Aarseth 1990, 1993). A detailed de-
rameters of the initial galaxy model, whilg(r) was com- scription of the chain algorithm, including the results efp
puted using estimates like those in Figués 1 @nd 3. of theformance tests, are givenlin Merritt, Mikkola & Srell (2005)
stellar density and velocity dispersion in the evolved niede Our initial conditions (one black hole at the center, a serall
We also giveT; (0.2rh’); the motivation for this is given be-  black hole orbiting about it) are not as realistic as in sinul
low. The final time scale in Table Tyap, is defined below  tions that follow both merging galaxies from the start (e.g.
(equatior}) and is an estimate of the time required for thelMilosavlievic & Meriti (2001),| Merritt et al.|(2002)), butra
angular-momentum gap created by the binary to be refilled;superior to simulations that drop one or two black holes
Tgap varied between- T, (ry) /20 and~ T, (rn)/50. into a pre-existing galaxy that contains no black hole (e.g.
The power-law cusps in our initial models were motivated |Quinlan & Hernquist1(1997);_Nakano & Makina (1999a,b)).
by the approximately power-law dependence of luminosity We ignore the radiation recoil that would accompany the final
density on radius observed near the centers of many early<oalescence of the two black holes, displacing the remnant
type galaxies|(Ferrarese etlal. 2005). Since the obsengtio hole temporarily from its central location and increasihg t
often do not resolvey, the stellar distribution at < ry, in size of the corel(Merritt et al. 20040; Boylan-Kolchin et al.
some galaxies might be different than the inward extrapola-2004). We also ignore processes like loss of stars into the
tion of the power laws that are fit to larger radii. For insnc  black hole(s), stellar tidal disruptions, and stellar siolhs,
galaxies with sufficiently short relaxation times are extpdc  all of which might affect the form of the final density profile.

to havep ~ r—7/4 density cusps like the ones that form in
our N-body models at late times. Other galaxies may have 3. CUSP DESTRUCTION
compact stellar nuclei(Cote efial. 2005). We did not include  after formation of a hard binary aa =~ a,, the bi-

such dense features in our initial models: first, because thenary’s binding energy continues to increase as the two
associated mass would have been small compared with thenassive particles eject stars via the gravitational sling-
mass removed by the binary; and second, because doing senot [Saslaw, Valtonen & Aarstih 1974 Mikkola & Valtohen
would have more than doubled the computational effort due[fgg?: [Quinlan 1996). As in a number of recent studies
to the short time steps required for stars initially nearttiagk (Berczik, Merritt & Spurzem 2005 Merritt, Mikkola & SzEll
holes. _ _ 2005), we found that the hardening rates were nearly in-
Al N-body integrations usedN = 0.12 x 10° par-  dependent of times = (d/dt)(1/a) ~ const., fora < an.
ticles and were carried out on a GRAPE-6 special- The values of are not of particular interest here, sinke
purpose computer. Th&l-body integrator is described phody hardening rates are known to depend strongly on par-
in IMerritt, Mikkola & Szell (2005). This algorithm is an  ticle' numbei(Berczik, Merritt & Spurzein 2005), and we do
adaptation of\BCDY1 |Aarseth (19€9) to the GRAPE-6; it  not expect these simulations to be in the “empty loss cone”
uses a fourth-order Hermite integration scheme with indi- regime that characterizes binary evolution in real gakaxie
vidual, adaptive, block time steps (Aarseth 2003).  For (Milosavijevic & Meriti 2003). However the “damage” done
the majority of the particles, the forces and force deriva- py the binary to the pre-existing stellar distribution ipexted
tives were calculated via a direct-summation scheme on thegp, energetic grounds to be a functionapf/a, essentially in-
GRAPE-6, using the particle advancement scheme describe@diependent of theate of hardening and hence &f (Quinlan

in IBerczik, Merrift & Spurzem\(2005) with an accuracy pa- [1996), and this expectation has recently been confirmed in
rameter of) = 0.01 and zero softening. Close encounters be- N-pody experiments (Merritt, Mikkola & SzHI[ 2005). As de-

tween the black holes, and between black holes and stars, rescribed above, the binary phase of the integrations was-term
quire prohibitively small time steps in such a scheme anéwer pated whera — an/5.
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FIG. 2.— Mass deficits, computed as described in the text, dihi@dinary phase of the integratiorss:= a(t) is the binary semi-major axis ary is defined
in equation[(lL) g = M2 /M is the binary mass ratio.
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FiIG. 3.— Stellar velocity dispersions at the end of the binargggh in the integrations witd, /M1 = 0.5. Solid lines:oy; dashed lineso;. The binary creates
a tangentially-biased velocity distribution near the eetily preferentially ejecting stars on radial orbits. Arsowdicate the black hole influence radits

Figurell shows density profiles of thebody models atthe  Since there are few results in the literature on the sizes of
end of the binary phase. Radii of the “star” particles were mass deficits generated by large-mass-ratio inspiralsheow s
computed relative to the center of mass of the binary, andin Figure[2 mass deficits for these integrations, expressed i
estimates op(r) were constructed using the nonparametric terms ofa/a(t); we extended some of the integrations be-
kernel estimator of Merritt & Tremblay (1994). The damage yonda= a,/5 in order to further elucidate this dependence.
done by the infalling black hole can be seen to increase with Figure[2 shows that — for a given degree of binary hardness —
its mass fory = 0.5 and 1, and extends out to a radiusy. the mass deficit is much better predictedNMy or M, than
They= 0.5 cusp is converted into an approximately constant- by M». In other words, the damage done by the smaller black
density core, while thg=1 andy= 1.5 cusps are “softened,” hole is rougly proportional to the mass of thieary, at a given
to power laws of index- 0.5 (y= 1) and~ 1.0 (y= 1.5). value ofap/a.

A standard measure of the damage done by an infalling This is a reasonable result. Equating the increase in the
black hole to a pre-exising density cusp is the “mass deficit” binary’s binding energy with the energy lost to an ejectad st
Mget, defined as the decrease in the central mass within agives
sphere that contains the affected region_(Milosavljevialet
2002). The mass deficit is potentially observable Gu(M1 + M2)5 1\ _ (Ef — Ei)8Me; )
(Milosavlievic et al. 1 2002; | _Ravindranath, Ho & Filippenko 2 - el
2002;|Grahah _2004), assuming that one can guess the pre-

existing density profile, and its value is an index of the cumu with E; andE; the initial and final kinetic energy per unit mass
lative effect of mergers on the galaxy (Volonteri €tial. 2003  of the ejected star aniMe; its massp s the reduced mass of
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FiG. 4.— Mean velocity anisotropy of the stars in a sphere ofusj around the single black hole, as a function of time after thesive binary was combined
into a single particle. Shown are the integrations WigyM; = 0.5. Arrows indicate the tim@yap defined in the text (equatidd 7, Table 1).

the binary. This can be written the ejected mass is predicted to scale-da M,. The depen-
) dence oMyef ON binary mass ratio is a topic that deserves fur-
dMej B Voin (3y  therstudy since the central structure of bright elliptigalax-
din(1/a) 2Ef—E ies is expected to reflect the cumulative effect of many minor

mergersi(Volonteri et al. 2003).
where Vohin = /G(M1+M2)/a is the relative velocity be- We do observe an additional dependencklgé on bothy
tween the components of the binary (assuming a circular or-andq at givenay /a (Figurel2). However the definition &, is
bit). Hills (1983) finds from scattering experiments thar, & somewhat arbitrary (§2) and we do not pursue that additional
hard binary in the limitM, <« M1, E; — E; for a zero-impact-  dependence here.

parameter encounteris 1.4Gp/a. This implies The binary preferentially ejects stars on eccentric orbits
The result is an induced anisotropy in the stellar velocisy d
dMe; ~ 0.36(My + My) (4) tribution atr < r,. Figurel3 illustrates this, for the integra-
din(1/a) ' tions with the most massive secondarigls (M1 = 0.5). The

. . . . induced anisotropy is mild, similar to what has been obsérve
:ndaT?ot:taii mass ejected by the binary in hardening fromjp, gtherN-body studies (e.g.Milosavijevic & Metitt (2001)).
~ f
4. CUSP REGENERATION
an

~ 0.36In (—) , (5) When the separation between the two components of the bi-
af nary had dropped ta= ay/5, the two massive particles were
combined into one and placed at the center of mass of the bi-
nary. The integrations were then continued until an aduai#io
time of roughlyT, (r},) had elapsed (Table 1). During this sec-
ond phase of the integrations, the stellar distributioruad
the single black hole evolved due to star-star encountédrs. T
W =J(M1+My) (6) initial effect of encounters was to refill the phase space gap
created when the binary ejected stars with pericemtegsay.
as a function oM,/Mi, assuming a Maxwellian distribution  The refilling time is approximately
of velocities at infinity. He defined “ejected” stars to besbo an 1 q
with final velocities exceeding m4g.5Vp, v/30}; here “final” Tgap~ —Tr(rh) = Zﬁ'ﬂ(fh) (7)
means after the star has moved far from the binary (ignoring Th (1+q)
any velocity changes that result from the galactic potgntia (Merritt & Wang|2005). Table 1 shows thadya, varies be-
\p is the velocity before the encounter, aads the velocity tween~ 10 (y=1.0,q=0.1) and~ 80 (y= 0.5,g=0.5) in
dispersion far from the massive binary. Quinlan’s defimitio our units, or betweer- 0.02T;(rp) and ~ 0.05T,(ry). Fig-
is a reasonable one W is to be equated wittMyet, and urel[3 verifies that the initially anisotropic velocity dibti-
Quinlan found that] is nearly independent d#l,/M; for a tion atr < rp becomes isotropic in a time of ord&gap. In

AMe]
M1+ M2
i.e., the mass ejected in reaching a given degree of harglenin

an/a is proportional toM1 + M2. Quinlan (1996) used scat-
tering experiments to compuddn the relation

dMe]

hard binary, decreasing frodn= 1 for M, = M1 to J = 0.5 for luminous galaxies, evellyap can exceed a galaxy lifetime

Mz = M1/256 (his Figure 5). Thes&values are consistent (Merritt & Wang|2005), and such galaxies will experience a

with Figurel2. greatly reduced rate of interaction of stars with the blacleh
Expressions likd{5) seem counter-intuitive, since theyrse  compared to galaxies with a full loss cone.

to imply an ejected mass that is large even for siviall How- On the longer time scale of T;(rh), energy exchange

ever for smalMy, a, 0 M2/M; (equatioflL), so for a gives, between stars modifies their radial distribution, evemyual
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FIG. 5.— Cusp regeneration. Plots show the stellar densitylprafound the single black hole, at post-coalescence tifrespooximately(0,0.1,0.5,1)T; (rp)
(y=0.5) and(0,0.2,1)T, (rh) (y= 1.0). Dotted lines show the density profiles at the start of thary integrations, when only one black hole was locatetiat t
center. Dashed lines have logarithmic slope-df75. Arrows indicate, the influence radius of the single black hole just afteresegnce of the binary (Table
1).
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ST 71 T 1 Finally, we consider how much time is required to regrow
the cusps. As noted above, all of the post-binary integnatio
were carried out until an elapsed time ofT;(r{), and this

was also roughly the time required for the cusp to reach its
steady-state form. However the cusp extends only to a radius
of ~ 0.2r{,, and a more relevant estimate of the relaxation time
is probablyT; (0.2r(,). Estimates of this time are given in Ta-
ble 1. The time to fully grow the cusp is approximately 3
times the relaxation time at2r{,. As Figurd shows, consid-
erable regeneration takes place even in a much shorter time,
hence we might predict the presence of steep central profiles
even in galaxies substantially younger than eithéry) or
(2—3)T:(0.2rp). We return to this issue below.

5. IMPLICATIONS
5.1. Cusp Regeneration in Local Group Galaxies

The relaxation time in the Milky Way nucleus is less than
10'%yr and a number of authors have suggested that the stellar
cluster around the supermassive black hole might be amihisi
ally relaxedl(Alexand&r 199D; Genzel ellal. 2003). Theatell
lo r mass density, based on number counts that extend down to

910 -

~ 0.005 pc, is

FIG. 6.— Final density profiles after growth of the cusp. Blacieb had
y = 0.5 for the pre-binary initial conditions, red lines hge- 1.0, and blue
line hady = 1.5. Dashed lines show the initial models. p(r)~1.2x 106|\/|<:>pcf3 (

r —a
10
0.38pc> (10)

. . (Genzel et al. 2003), with ~ 2.0 atr > 0.38 pc andx ~ 1.4
reaching the zero-flux Bahcall-Wolf (1976) solutign~ atr < 0.38 pc. The black hole mass is73 0.2 x 10°M.,
r=7/4. This is shown in Figurl5 for thg=0.4 andy=1  (Ghez et all 2005). The implied influence radius, defined as
models. (Results foy = 1.5 are shown in FigurelS 6 alldl 7 the radius containing a mass in stars that is twice the black
and are discussed separately below.) The new cusp attains thhole mass, is, ~ 88’ ~ 3.4 pc.

p ~ r~7/4 form inside of~ 0.2r{. In all of the integrations, We used equatior{JL0) and the measured valubloto
the logarithmic slope of the final cusp is steeper than that of compute the stellar velocity dispersion profile in the Milky
the initial (pre-binary) galaxy at radii < 0.5rf, although the  Way nucleus, assuming a spherical velocity ellipsoid. e r

final density remains below the initial densityrat ry. laxation timeT, was then calculated as in thhebody models,
Figure[® shows the final density profiles for all seven mod- i.e.

els. There is remarkably little dependence of the final tesul 0.3380(r)3

on the mass ratio of the binary. The reason can be seen by T (r) = 72 (11a)

comparing FigureS1 arid 6: while the different mass ratios do p(r)m.G2InA

yield different density profiles at the end of the binary ghas ~ 1.69x 10°%r x (11b)

most of these differences arerafS 0.3r,, and this region is 3 1 1 1

efficiently refilled by the new cusp. ( a(r) ) ( p(r) ) ( My ) (In_A)(llc)
The final density profiles in Figufd 6 can be well approxi- 100 kms?t 10°M,, 0.7M¢ 15

mated as broken power laws at radit iy with m, = 0.7M, andA = o?(rp)rn/2Gm,. The relaxation

r\ /4 time atr = r,, was found to be B x 10'° yr, dropping to~
p(r)=p(ro) <E> , 1 <ro, 6 x 10° yr at 0.2r, and~ 3.5 x 10° yr at ~ 0.1rp,; at smaller

= radii, T, increases very slowly with decreasing

- r 8 As noted above, cusp regeneration in titdody models

=p(ro) <E> ; To<rSrh. (8) required a time of 1T;(ry,), or ~ 2 — 3T;(0.2r,). However

] ] ] o these two timescales are substantially different in thekil
The “break” radiugo is ~ 0.15r in the models with initial  way, suggesting that the structure of the Milky Way nucleus
cusp slopey = 0.5, ~ 0.20r{’ for y = 1.0, and~ 0.25r{; for differs in some respect from that of thebody models in the
y= 1.5. In this approximation t@(r), the mass in the cusp, region 02r, <r < rp.

Mcusp= M(r <o), is given by Figure[ makes the comparison. We show the evolution
oM of p(r) andZ(R) (the latter is the projected density) in the
Mcusp= : . (9) post-binary integration with parameteng=€ 1.5,q = 0.5);
14+0.75 [(rh/ro)z— 1} the right-hand frame also shows the measured surface den-

sity of stars at the Galactic center, from the number counts
ThusMcysp/M. = 0.03 (y=0.5),~0.12 (y=1.0), and~ 0.16 of Genzel et 8.[(2003), with arbitrary vertical normalipat
(y= 1.5), confirming thaMcyspis small compared witivi,. The N-body model successfully reproduces the slope of the
One consequence is thef, the influence radius at the final observed stellar cusp at late times, but Mody profile is
time step, differs only slightly fromy, the influence radius at  less steep than the observed counts at0.2ry, i.e., outside
the end of the binary phase (Table 1). of the cusp. In the Milky Way, an approximately power-law
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FiG. 7.— Evolution of the spatial (a) and projected (b) densitgfifes in the simulation that most closely resembles thekiVay nucleus. The initial
model (dotted line) had p ~ r—15 density cusp and a central black hole of mMs= 0.01, in units where the total stellar mass of the model is 1.eBlu
(lower) line shows the density after infall and capture ofaahd black hole of madd, = 0.5M;. Green, red and black lines show the evolving density at
times (100200,300) after coalesence; based on the discussion in the liextorresponding physical times are roughlyg(42) x10° yr. Symbols in (b) show
the observed surface density of stars near the GalacticeCdram Genzel et al. (2003); see Figure 7 from that papesyaonbol definitions. The vertical
normalization of the symbols was set by eye in order to give@gnatch to thé\-body data aR < 0.2r,. Dashed lines have logarithmic slopes-f.75 (a)
and—0.75 (b).

dependence gb onr extends well beyond,, while theN- The stellar density near the center of M32 is

body models exhibit a shallower slope at these radii. Better —a

correspondence betwed&ibody model and data could pre- p(r) ~ 2.2 10°M.pc 3 (L) , a~15 (12)
sumably have been achieved by modifying the initial model, 1pc

or by repeating the integrations with smaly (which would (Lauer et all. 1998), very similar to that of the Milky Way. Un-
have mandated a largét in order to resolve the smaller fortunately the estimation d¥l, in M32 suffers from the de-

cusp); the unphysically large valued{ adopted hereM. = generacy inherent in orbital modelling of axisymmetric-sys
0.018Vga)) implies an influence radius that is comparable to tems and the black hole mass could lie anywhere in the
the Dehnen-model scale length. range 15 x 10°M., < M, < 5 x 10°M, with equal likelihood

_ Inlight of these ambiguities, it is reasonable to fix the phys - (/alluri, Merritt & Emsellen{2004). Applying thé, — o re-

ical unit of time by_co_mparlng thi-body mod(_al to the Milky lation (Eerrarese & Merrltt 2000) giveldl, ~ 2.0 x 10°M,,

Way at~ 0.2rp; this is roughly the outer radius of the cusp, \yhich we adopt here. The black hole influence radius be-
and Figur&l” shows that the model fits the data well out to this comes~ 1.7 pc~ 0.5” and Ty (rp) ~ 2.2 x 101° yr. This is
radius. We find thal (0.2rn) ~ 160 inN-body units, while  somewhat smaller than the estimateTgfry) in the Galactic

in the Milky Way, T;(0.2rn) ~ 6 x 10° yr. The integration  npycleus, suggesting that a collisional cusp could easig ha
time of 300 in Figurd]7 then corresponds to a physical time heen regenerated in M32. However, the cusp should only ex-
of ~ 1.1x 10" yr. In fact, theN-body cusp attains nearly its  tend outward te- 0.2r, ~ 0.1" at the distance of M32, barely

final form by a time of~ 200, or~ 8 x 10° yr. We conclude  resolvable even with HST. Depending on the exact value of
that the distribution of stars near the Mllky Way black hde i M., the collisional cusp in M32 may or may not have been

consistent with a major merger having occurred at a tim@ resolved.

Gyr in the past. o . Both the mass of the black hole in M31, and the dynamical
In fact, the probability is~ 68% that a galaxy with a dark-  state of its nucleus, are less certain than in the Milky Way
matter halo as large as that of the Milky Way has experiencedand M32 due to M31's complex morphology. However most
amajor merger (mass ratio of at least 4 : 1) since a redshift ofestimates of the relaxation time at the center of P2, thezsancl
z=2,i.e, inthe last- 10 Gyr (Merritt et al. 2002). If this  component believed to contain the black hole, are of order
occurred, our results suggest the interesting possidhié&¢ 10! yr (e.g. Lauer et al. 1998). M33 has a very short central

the Milky Way cusp may still be evolving toward its steady- relaxation time but no dynamical signature of a black hole
state form. Evidence for this might be sought in the form of (Valluri et all[2005).

a flattening the density profile at very small radig; 0.1r,, ~
10", 5.2. Cusp Regeneration in Galaxies Beyond the Local Group

Which galaxies beyond the Local Group should contain
Bahcall-Wolf cusps? Figufé 8 shows estimate& ¢fy,) in the
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FiG. 8.— Estimates of the relaxation time at the black hole'uirfice ra-
dius, rp, in the sample of early-type galaxies modelledlby Wang & flerr
(2004). Black hole masses were computed from khg— o relation
(Merritt & Ferraresé 2001), except in the case of the Milkyy\ar which
M, = 3.7 x 10°M,, was assumed (Ghez el B[_2005). The stellar mass was
set equal to @M., when computingT;. Horizonal axis is absolute visual
magnitude of the galaxy or, in the case of the Milky Way, thalat bulge.
The size of the symbols is proportional to g8y, /6obs), Whereby, is the
angular size of the black hole’s influence radius g is the observational
resolution. Filled symbols haw, > Bops (i resolved) and open circles have
6r,, < Bops (rh unresolved). Values & (ry) in the unresolved galaxies should
be considered approximate since the luminosity profilehésé¢ galaxies are
not well known atr < rp,.

sample of early-type galaxies modelled lby Wang & Mérritt
(2004); these are a subset ofithe Magorrian ket al. (1998)gala
ies. In this plot, filled symbols denote galaxies observet wi
angular resolutiogps < 6y, and the size of the symbol is
proportional to log6, /Bobs). (In galaxies wherey, is not
resolved, we note that the estimatesTofre particularly un-
certain, since they depend on an inward extrapolation of lu-
minosity profiles measured at> ry,.)

Figure[® reveals that the brightest spheroidg, < — 20,
have central relaxation times that always greatly exceétl 10

eration 9
(Ferrarese & Fold20D5), witMg = M, /10°M., and 6200 =
0/200 km s1, and (temporarily) redefining, asGM., /0° ~
11.2Mg0,& pc. Then

rh~ 2.76MJ%° pc. (13)
Taking for the outer radius of the cusp= 0.2r,, (equation
B), its angular size becomes

6o ~ 0.57"Mg**Dy. (14)

with Dmpc the distance to the galaxy in Mpc. Thus, at the dis-

tance of the Virgo clustelp > 0.1” impliesM, > 6 x 10°M;
however such massive black holes would almost certainly sit
in galaxies with central relaxation times longer thart1gr
(Figure[®) and a cusp would not have formed. If we assume
that black holes like the ones in the Milky Way and M32 (i.e.
M, ~ 3 x 10°M,,) are the most massive to be associated with
collisionally-relaxed nuclei, then the associated cuspdcd:
be resolved to a distancesf0.7 Mpc, roughly the distance to
M32 — consistent with the statement made above that the cusp
in M32 is only barely resolved. Hence, collisional cusps are
unlikely to be observed in galaxies beyond the Local Group.

Unresolved density cusps might appear as pointlike nu-
clei, particularly in dE galaxies which have low central-sur
face brightnesses. Pointlike nuclei are in fact nearly ubiq
uitous in elliptical galaxies as faint ddy ~ —18, disap-
pearing forMy 2 — 13 (vanden Bergh 1986). Luminosities
of the nuclei are observed to average).003 times that of
their host galaxies, albeit with considerable scatteré@bial.
200%). As shown in 84, Bahcall-Wolf cusps entrain a mass
of order Q1M,. If the ratio of black hole mass to stellar
mass that characterizes bright galaxi®g,/Mga ~ 0.0013
(Merritt & Ferraresé 2001), also holds for dE galaxies, the |
minosity associated with the cusps would be 0n|§t0*4Lga|,
too small to explain the majority of the observed nuclei. On
the other hand, essentially nothing is known about the nsasse
(or even the existence) of black holes in spheroids faihtan t
My = —18 (with the exception of M32, probably a special
case) and it is possible thist, > 10‘3Mga| in these galaxies.
Itis intriguing to speculate that the disappearance oftfiké
nuclei in dE galaxies fainter thavly ~ —13 might signal the
disappearance of the black holes.

We note that the nuclear cusps of the Milky Way and M32
extend approximately as power laws out to radii far beygnd

yr. In these galaxies, a low-density core created by a bi- Even these more extended cusps would be unresolved beyond
nary supermassive black hole would persist for the age ofthe Local Group and might contain enough light to explain

the universe. However; (rp) drops with decreasing luminos-
ity, falling below 13° yr for My = —18. The Milky Way
bulge falls on the relation defined by the more distant gakxi
which is reassuring given the uncertainties in its lumityosi
(We adopted a bulge blue absolute magnitudelgt= —17.6
from|Marconi & Hunt (2003) and assuméd, = Mg —0.9.)

the pointlike nuclei.

The black holes in the Milky Way and M32 are
among the smallest with dynamically-determined masses
(Eerrarese & Foll 2005). If smaller black holes do not exist,
Figure[® suggests that Bahcall-Wolf cusps might be present
only in a small subset of spheroids containing black holes

However M32 appears to be shifted from the relation definedwith masses 1M, < M, < 3x 10°M.,. However it has been
by the other galaxies, as if it is the dense core of a once muchargued that some late-type spirals host AGN with black hole

brighter galaxy. This possibility has often been raisechim t
past (King 1962; Faber 1973; Nieto & Prugfiel 1987).

masses as low as 10°M., (Hd[200%). If so, Figur€l8 sug-
gests that Bahcall-Wolf cusps would be present around these

Figure[8, combined with the arguments in 85.1, suggestshlack holes.

that spheroids fainter thavly, ~ —18.5 are dynamically old
enough to contain Bahcall-Wolf cusps.
However outside of the Local Group, Figurk 8 also sug-

The presence of cores, or “mass deficits,” at the cen-
ters of bright elliptical galaxies has been taken as ev-
idence of past merger events (Milosavlievic etial. 2002;

gests that such cusps are unlikely to be resolved. We carRavindranath, Ho & Filippenkb 2002; Graham 2004). Mass

check this prediction by relating the angular size of thepcus
to black hole mass via thél, — o relation, Mg ~ 1.66055°

deficits are observed to disappear in galaxies fainter than
My = —19.5 (Milosavlievic et al! 2002). Could this be due
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to cusp regeneration? Figuke 8 suggests an alternativa-expl
nation. Galaxies fainter thakly = —19.5 are mostly unre-
solved on scales af,, which is also the approximate size of

a core created by a binary supermassive black hole. The lack

of mass deficits in galaxies witkly = — 19.5 probably just
reflects a failure to resolve the cores in these galaxies.

5.3. Black Hole Feeding Rates

Merritt & Szell

In(2/6,c)T,. Adopting the standard expression for the colli-
sion time,

Teoll = [16ym0r(1+4 0)] (19)
with @ = Gm, /(20?r,)) andn the number density of stars, we

find that physical collisions begin to affect the stellartidis
bution atr < 0.08 pc < 0.023}, for Solar-type stars in the

The low-luminosity galaxies most likely to harbor Bahcall- Galactic nucleus.
Wolf cusps (Figurdd8) are the same galaxies that would
dominate the overall rate of stellar tidal disruptions,uass o :
ing of course that they contain black holes (Wang & Merritt 5:4. Gravitational Lensing
2004). Published estimates bf the rate of stellar disrup- The central parts of galaxies can act as strong gravita-
tions, in such low-luminosity galaxie5s (Sver & Uliler 1p99; tional lenses; the lack of a “core” image in observed lens sys
Magorrian & Tremaide 1999; Wang & Mertltt 2004) have al- tems implies a lower limit on the stellar density of the lens-
most always been based on an inward extrapolation of lumi-ing galaxy within the centrak 10? pc (Rusin & Mal2001;
nosity profiles measured at> ry. In principle, knowing that ~ [Keeton 2003). Broken power-law density profiles like those
p(r) has the Bahcall-Wolf form near the black hole should in equation [B) have been used to model lensing galaxies
allow a more accurate estimate Nfin the low-luminosity ~ (Munoz et all 2001; Bowman etlal. 2004), although the break
galaxies that dominate the overall flaring rate. radii in these studies were chosen to be much larger than the
plies a lower limit onN, of order 104 yr—2. The stellar den- ~ urel8). However the presence or absence of the cusps should
sity in the cusp is have little effect on the lensing properties of galaxiesduse

the mass contained within the cusp is small compared with
r\ 74 M., and because even the supermassive black holes contribute
E) only slightly to the lensing signal (Rusin el al. 2D05). The
low-luminosity galaxies that are likely to contain cuspsg¢F
urelB) are also unlikely to act as lenses.

p(r) = pro) (15)
(equatiorB), withrg = arp, a ~ 0.2. We can writep(rg) =
KM, /r2, where the constari depends on the form qf(r)

atr > ro; assuming g ~ r—2 power law forr > rg, as in
the Milky Way and many other low-luminosity spheroids, we
find K = 4.0. The rate at which stars in the cusp are fed to the
black hole is approximately

p

N am /'“fh

P m Jo T In(2/61c)
(Lightman & Shapiro 1977; Syer & Ulmier 1999). Heig ~
\/rt/r is the angular size of the loss cone at radiwndr;

5.5. Dark Matter

The distribution ofdark matteron sub-parsec scales near
the center of the Milky Way and other galaxies is relevant
to the so-called “indirect detection” problem, in whichenf
ences are drawn about the properties of particle dark matter
based on measurements of its self-annihililation by-poct&lu
(Bertone & Merriit| 2005). A recent detection of TeV ra-
diation from the Galactic center by the HESS consortium
(Aharonian et al._2004) is consistent with a particle arathi
is the tidal disruption radiugy ~ (M./m,)¥3r,. This ex- tion signal, but only if the dark matter density in the innewf
pression assumes that the feeding rate is limited by ddfusi  parsecs is much higher than predicted by an inward extrapola
i.e. that the loss cone is “empty”; an equivalent statementtion of the standard\CDM halo models (Hooper etlal. 2004).
is thatrit, the radius above which a star can scatter in and One possibility is that the dark matter forms a steep “spike”
out of the loss cone in one orbital period, is greater than around the black hole (Gondolo & Silk 1999). Particle dark
In the case of the Milky Way black hole, it can be shown matter would not spontaneously form a Bahcall-Wolf cusp
that Q2r, < rerit < rp. Taking the slowly-varying logarith-  since its relaxation time is extremely long. However, once a
mic terms out of the integral, we find a feeding rate for stars cusp forms in thestars scattering of dark matter particles off

r’dr (16)

in the cusp: of stars would redistribute the dark matter in phase spaee on
1/2 time scale of ordef, (ry), the star-star relaxation time (Medritt
Neusp™ 1.6"17/\ <%> _ 17) 2004). The ultimate result is g ~ r—%/2 density cusp in
In(2/6c) \ r? the dark matter (Gnedin & Primé£k 2004), but with possibly
. . . . . low normalization, particularly if the dark matter distiton
Evaluatingic atr = ary and setting Ik = 15, this becomes /¢ previously modified by a binary black hdle (Merritt €t al.
Ncusp% 7% 1075yr71M.l,/r\ﬁwrrT,r?/|/\/2v (18) 2002). TheN-body techniques applied here would be an ef-

fective way to address this problem.
where M, yw andrpmw are in units of the values quoted
above for the Milky Way. Thus, the flaring rate due to stars
in the Milky Way cusp is~ 10~# yr—1. This is of course
a lower limit on the totaN since it ignores the contribution
from stars outside the cusp, at> arg ~ 0.7 pc. In fainter
spheroids, thé/, — o relation, combined with equatiof{|18),
impliesN 0 M; %4 and hence even higher flaring rates.

The Bahcall-Wolf solution will break down at radii where
the physical collision time is shorter than the diffusiomei
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